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Abstract 
  Abiotic stress is a major limitation on agricultural productivity. It is anticipated 
that steady rising temperatures due to global climate change will have a negative 
impact on plant growth and crop yield. Some plant species have evolved a more 
efficient type of photosynthesis underpinned by a carbon concentrating mechanism, 
known as the C4 pathway. C4 plants are thought to have evolved under warm and dry 
conditions and it is hypothesised that this biochemical and anatomical specialisation 
serves to alleviate the cost of photorespiration at moderately high temperatures. The 
accompanying benefits of the C4 pathway also include high water and nitrogen use 
efficiencies. Although only 3% of the total number of land vascular plant species are 
C4, they contribute ~25% of the total terrestrial primary productivity, owing to their 
high photosynthetic efficiency.   
Setaria viridis (also known as the “green foxtail”) is an emerging C4 model 
species for the C4 research community, due to its small stature, short lifespan and 
small diploid genome. It is the wild relative of Setaria italica (“foxtail millet”), a major 
staple species cultivated mainly in northern China. S. viridis is also phylogenetically 
closely related to maize and sorghum, making it an attractive model species for C4 
monocot plants. In order to gain insights into its mechanisms of heat tolerance in C4 
plants, this thesis presents a systematic analysis of a long-term heat stress treatment 
in S. viridis, to understand its response at the physiological, anatomical, metabolic, 
transcriptional and proteomic level. Plants grown at 42°C for two weeks (as 
compared to 28°C) showed stunted growth, despite the heat treatment showing little 
impact on leaf area-based photosynthetic rates. However, rates of dark respiration 
 
 
 
 
viii 
significantly increased in the heat-stressed plants. Major alterations in carbon and 
nitrogen metabolism were observed in the heat-stressed plants; these included 
reduced amount of starch, accumulation of soluble sugars and increases in leaf 
nitrogen content. The levels of major hormones were also measured. These were 
characterized by a dramatic increase in abscisic acid in the heat-stressed plants. 
Leaf transcriptomics, proteomics and metabolomics analyses were carried out, and 
the heat response of specific genes (transcript and protein) were mapped onto each 
of the aforementioned metabolic pathways (photosynthesis, respiration, 
carbon/nitrogen metabolism and hormone synthesis and signalling pathways) to 
identify the underlying causes of the changes in metabolism. 
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1 Introduction 
Photosynthesis is one of the most ubiquitous and important biological processes 
on planet earth. Humans and other animals rely heavily on photosynthetic organisms 
as the primary energy producer. Photosynthetic organisms (especially land plants) 
convert light energy, carbon dioxide (CO2) and water (H2O) into biochemical energy 
that is stored in the form of carbohydrate, which we draw on for fuel and food. The 
existence of many ecosystems also relies on photosynthesis. High temperature is 
one of the main environmental factors that can adversely affect photosynthetic 
production and plant growth. Understanding the response of plants to high 
temperature is especially relevant in the current context of global warming, where 
average temperatures are predicted to increase (Hatfield and Prueger, 2015). This 
thesis aims to gain a global and systematic view of the heat stress response in a 
model C4 plant, Setaria viridis, using various plant physiology and genomics 
techniques. Through examining the effect of heat on various metabolic pathways in 
the plants, factors contributing to plant heat tolerance and regulation of growth can 
be identified as targets for genetic improvement.        
1.1 Photosynthesis – the basics 
Photosynthesis is the process of converting light, CO2 and H2O into chemical 
energy and storage carbohydrates. The overall process can be divided into two parts 
– the “light reactions” and the “dark reactions”. 
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1.1.1 The “light reactions” of photosynthesis 
The “light reactions” comprise a series of electron transfer reactions along the 
electron transport chain located on the thylakoid membranes of chloroplasts. The 
photosystems (PS II and PS I) are large complexes of proteins and light absorbing 
pigments chlorophylls, which capture light energy from the sun and generate high 
energy state electrons which are used in the generation of biochemical energy in the 
forms of ATP and NADPH. There are two forms of electron transport - linear and cyclic 
electron transport (Ort and Yocum, 1996). 
During linear (i.e. non-cyclic) electron transport (Figure 1.1), the photosynthetic 
pigment chlorophyll a (P680) within the PS II reaction centre absorbs energy from the 
light, and an electron within the chlorophyll molecule is excited by the light energy. This 
high energy state electron is transferred onto a series of electron carrier molecules 
(plastoquinone) and onto the cytochrome b6f (Cyt b6f) complex, where some energy 
from the electron is used by Cyt b6f to pump protons (H+) from the chloroplast stroma 
into the thylakoid lumen forming a proton gradient across the thylakoid membrane. The 
proton gradient creates a proton motive force which drives the ATP synthase to 
synthesise ATP via ADP phosphorylation. The high energy state electron continues to 
travel from Cyt b6f onto PS I, where it is excited again by light energy absorbed by the 
chlorophyll b molecule (P700) within the PS I reaction centre. This high energy state 
electron from PS I is transferred to ferredoxin and then on to NADP+ reductase, where 
the electron is used to reduce NADP+, producing NADPH. 
During cyclic electron transport, the Cyt b6f complex obtains a high energy state 
electron from PS I, instead of PS II. After electron transfer from PS I to ferredoxin, the 
reduced ferredoxin transfers the electron to Cyt b6f to drive proton pumping. The Cyt 
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b6f then transfers this electron back to PS I (for further excitation by light) via the 
electron transport protein plastocyanin (Takabayashi et al., 2005, Johnson, 2011). The 
net result of cyclic electron transport is the generation of a proton gradient and ATP, 
without the production of NADPH. The existence of both linear and cyclic electron 
transport mechanisms allow the chloroplast to fine tune the production of ATP and 
NADPH in response to different energy requirements of the cells (Kramer et al., 2004). 
1.1.2 The “dark reactions” – carbon fixation 
The energy produced by the “light reactions” (ATP and NADPH) is used by the 
“dark reactions” (i.e. not requiring light) of photosynthesis to fix CO2 and generate 
carbohydrates. The series of dark reactions involved in carbon fixation is collective 
known as the Calvin-Benson-Bassham (CBB) cycle (Figure 1.1). The first reaction of 
the CBB cycle is carried out by the CO2 fixing enzyme Ribulose Bisphosphate 
Carboxylase/Oxygenase (Rubisco). The assimilation of CO2 by Rubisco using RuBP 
(ribulose-1,5-bisphosphate) as the substrate leads to the production of 3-
phosphoglycerate (3-PGA). During C3 photosynthesis, the 3-PGA formed is converted 
to glyceraldehyde-3-phosphate (G3P, aka triose phosphate), during which ATP and 
NADPH are consumed. Some of the triose phosphate formed is exported from the 
chloroplast into the cytosol and used for sucrose synthesis, while the rest remains in 
the chloroplast and continue in the CBB cycle for RuBP regeneration. The reactions in 
the CBB cycle again requires ATP for RuBP regeneration. The net outcome of the 
“dark reactions” is the generation of carbohydrate, mainly in the forms of sucrose and 
starch. 
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1.1.3 Photorespiration 
An inherent problem of all Rubisco is it inability to discriminate between CO2 
and O2, because the enzyme initially evolved under a CO2 rich atmosphere and O2 
was far less abundant (Bowes et al., 1971, NISBET et al., 2007) NISBET, 2007). This 
lack of specificity became a bigger problem as the atmospheric O2 concentration 
gradually increased, competing with CO2. At the present atmospheric concentration of 
CO2 and O2, almost one in four reactions carried out by Rubisco is oxygenation 
reaction in a typical C3 plant (Peterhansel et al., 2010, Bauwe et al., 2010, Sage et al., 
2012, Walker et al., 2016). The product of O2 fixation is 2-phosphoglycolate (2-PG), 
which is a toxic metabolite that inhibits many enzymes in the plant. To detoxify this 
product, a series of reactions collectively known as photorespiration are required 
(Figure 1.2).  
The process of photorespiration is considered somewhat wasteful because it 
consumes ATP and NADPH, and re-releases previously fixed CO2 and NH4+ (Figure 
1.2). Photorespiration involves reactions that occur in three organelles – chloroplast, 
peroxisome and mitochondria. The decarboxylation of glycine in the mitochondria 
releases CO2 and NH4+. The NH4+ is re-assimilated in the chloroplast by the GS-
GOGAT (Glutamine synthetase- glutamate synthase) cycle, which is the same process 
involved in de novo nitrogen fixation inside the leaf. The net result of photorespiration 
is the removal of 2-PG and regeneration of 3-PGA which is returned to the CBB cycle 
(Figure 1.2). 
The amount of photorespiratory flux as opposed to CO2 fixation is governed by 
the ratio of CO2 to O2 partial pressure in the chloroplast stroma and the specificity of 
Rubisco towards the two molecules (Peterhansel et al., 2010, Sage et al., 2012). 
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Photorespiration has been shown to increase under conditions of low CO2 partial 
pressure as a result of stomata closure during environmental stresses such as drought 
(Wingler et al., 2000). In addition, high temperature has been shown to increase the 
specificity of Rubisco for O2 and decrease the specificity for CO2, thus promoting 
photorespiration (Sage et al., 2012). 
The schemes of “light reactions”, “dark reactions” and photorespiration 
introduced above are common to both C3 and C4 plants. 
1.2 C4 photosynthesis 
As mentioned above, photorespiration can greatly hamper the efficiency of 
carbon fixation. The evolution of an efficient CO2-concentrating mechanism known as 
“C4 photosynthesis” is seen as an adaptation to environments that promote high 
photorespiration (Sage et al., 2018). The first C4 plant is thought to have evolved 25 – 
30 million years ago, coinciding with the decline of atmospheric CO2 concentration 
from about 1000 ppm to below the present level (Sage, 2001, Sage, 2004, Zachos et 
al., 2001). In areas of the world where temperatures are frequently high, and drought 
and/or salinity are common, plants experienced high photorespiratory flux and were 
under selective pressure to evolve mechanisms that allow more efficient carbon gain 
(Sage et al., 2018). A series of biochemical and anatomical evolutionary adaptation is 
believed to have occurred and eventually gave rise to C4 plants (Sage, 2004). 
Presently, over 60 independent lineages of C4 plants have been discovered, and 
altogether contributing towards ~25% of the terrestrial primary productivity despite 
comprising only 3% of vascular plant species (Edwards et al., 2010a). Some of the 
economically important C4 crops include maize, sorghum and sugar cane.  
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During C4 photosynthesis, CO2 is first assimilated to produce a four-carbon 
compound, a C4 acid. The C4 acid is transported to the site of Rubisco and is 
decarboxylated to release the previously fixed CO2. This creates a high local 
concentration of CO2 around Rubisco so that oxygenation reaction is kept at very low 
levels, thus improving efficiency of CO2 assimilation and minimizing photorespiration.  
Most C4 plants have evolved the two-cell mechanism, which is characterized by a 
division of labour between the Mesophyll (M) and Bundle Sheath (BS) cells. The CO2 
entering the M cell is first converted to HCO3- by carbonic anhydrase (CA), which is 
then assimilated into phosphoenolpyruvate (PEP) by phosphoenolpyruvate 
carboxylase (PEPC) to make oxaloacetate (OAA) (Hatch, 1987)(Figure 1.3). 
Depending on the decarboxylation enzyme used, the OAA can be either converted to 
malate by NADP-dependent malate dehydrogenase (NADP-MDH) or to aspartate by 
aspartate aminotransferase (ASP-AT). The malate/aspartate is transferred to 
adjacent BS cells where it is decarboxylated to release CO2 at the site of Rubisco. 
There are three types of decarboxylating enzymes utilized by C4 plants: NADP-malic 
enzyme (NADP-ME) locate in the BS chloroplast; NAD-malic enzyme (NAD-ME) 
locates in the BS mitochondria; and PEP carboxykinase (PEPCK) locates in the BS 
cytosol. Most C4 plants are found to predominantly use one of the decarboxylation 
enzymes, hence the three C4 subtypes (Edwards et al., 1971, Hatch et al., 1975, 
Hatch and Kagawa, 1976, Furbank, 2011). However, considerable overlap may be 
found between the three C4 pathways: PEPCK plants always also use NAD-ME, and 
some NADP-ME plants were shown to transport a significant amount of aspartate 
(Furbank, 2011, Meister et al., 1996a, Bräutigam et al., 2014, Wang et al., 2014). 
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Several key adaptations underpin the successful functioning of C4 
photosynthesis. First is anatomical adaptation – plants carrying out two-cell C4 
photosynthesis adopt the “Kranz” anatomy, characterized by closed vein spacing, 
with BS cells wrapped around the veins containing numerous chloroplasts, and only 
two to three M cells locate between the two adjacent veins to ensure access for each 
M cell to neighboring BS cell for metabolite exchange (Figure 1.3) (Christin et al., 
2013, Muhaidat et al., 2007). Second, C4 photosynthesis requires cell-specific 
expression of many genes in M and BS cells (Furbank, 2016, John et al., 2014). For 
example, this involves the preferential expression of decarboxylation enzyme(s), 
Rubisco and genes involved in photorespiration inside the BS cells, and the 
localization of CA and PEPC in M cells (Björkman and Gauhl, 1969, Edwards et al., 
1970, Slack et al., 1969, Berry et al., 1970). In certain type of C4 plants, in particular, 
the NADP-ME subtype, a re-distribution of linear and cyclic electron transport 
components between the M and BS cells are also observed (Munekage et al., 2010). 
Third, for efficient transfer of metabolites between the M and BS cells and their 
organelles, novel metabolite transporters are recruited to specific cell types and 
locations (Weber and von Caemmerer, 2010). In addition, symplastic transport 
mechanism involving plasmodesmata was also found to be essential for metabolite 
transfer between M and BS cells (Danila et al., 2016, Danila et al., 2018). 
1.3 Setaria viridis: an emerging C4 model species 
Studies of C4 metabolism have mainly been carried out in maize and sorghum. 
However, these C4 crop plants are quite large in size, have long life cycles and lack 
efficient transformation systems for detailed molecular-genetic dissection of C4 traits 
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(Li and Brutnell, 2011). Setaria viridis (known as green foxtail), the wild relative of 
Setaria italica (known as foxtail millet), is an emerging model C4 species due to its 
small diploid genome, short stature, fast life cycle and is easily transformable (Li and 
Brutnell, 2011, Brutnell et al., 2010) (Figure 1.4). Setaria spp. belong to the Paniceae 
tribe which also contains the bioenergy grasses Panicum virgatum (switchgrass), 
Pennisetum purpureum (napiergrass) and Pennisetum glaucum (pearl millet) (Doust 
et al., 2009). The Paniceae tribe is the sister group of Andropogoneae that includes 
C4 crops maize, sorghum, Miscanthus and sugarcane (Li and Brutnell, 2011). This 
would make research insights gained from Setaria sp. highly transferable to other 
major economically important crop species. In addition, S. italica is a widely cultivated 
staple species in Northern China and its genome has been fully sequenced in 2012 
(Zhang et al., 2012). S. italica and S. viridis are adapted to a wide range of 
environment, including extreme aridity (Tang et al., 2017), making S. viridis one of 
the worst weeds in world agriculture (Dekker, 2003), but also making S. viridis an 
attractive model species for studying abiotic stress tolerance.  
1.4 Plant heat stress response and heat tolerance mechanisms 
Plants are predicted to suffer from heat waves at a higher frequency and 
duration in the future as a result of global climate change (McCarthy et al., 2001, 
Wagner, 1996). This will be a serious threat to agricultural production and ecosystem 
health worldwide, as acute or prolonged heat stress can negatively impact on plant 
growth in many ways (Hall, 2000, Deryng et al., 2014, Allen et al., 2010, Norby and 
Luo, 2004, Yang et al., 2017, Schauberger et al., 2017). Plant heat stress response 
is extremely complex, the rates of most enzymatic reactions are sensitive to 
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temperature increases, and heat stress can directly impact on protein and membrane 
stability, causing changes in the rates of biological processes (Zhang et al., 2017a). 
Heat may also cause the production of reactive oxygen species (ROS), which may 
act as signals to halt/alter plant growth but may also cause oxidative damage to the 
plant tissues leading to senescence and death (Sharkey, 2005, Suzuki and Mittler, 
2006, Bhattacharjee, 2005, Zandalinas et al., 2018, Choudhury et al., 2017). The 
following section will provide an introduction to the impact of heat on major cellular 
processes and on plant growth and development.  
1.4.1 Impact of heat stress on photosynthesis 
Heat stress can significantly decrease plant photosynthetic capacity by 
negatively impacting on both light and dark reactions. The structure and function of 
PS II is particularly heat labile (Sharkey, 2005). Severe heat stress (above 45 °C) 
had been shown to directly cause structural damage to PS II including dissociation of 
the oxygen evolving complex (Papageorgiou and Murata, 1995), and dissociation of 
the reaction centre protein complex (Nash et al., 1985). Moderate heat stress does 
not appear to severely affect PS II structure but has been shown to inhibit the repair 
of photodamaged PS II by inhibiting the de novo synthesis of D1 protein, causing 
disruption to linear electron transport (Sharkey, 2005, Takahashi et al., 2004, 
Allakhverdiev et al., 2008a).  
The inherent oxygenase activity of Rubisco means heightened photorespiratory 
activity under moderately high temperature due to a decrease in CO2 specificity as 
the temperature rises (Brooks and Farquhar, 1985). This can significantly decrease 
the efficiency of CO2 fixation in C3 plants. Although C4 plants are less susceptible to 
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the same limitation as C3 plants due to the presence of a carbon concentrating 
mechanism, both C3 and C4 Rubisco have been shown to subject to deactivation 
under severe heat due to Rubisco activase inhibition (Sharkey et al., 2001, Crafts-
Brandner and Salvucci, 2002b, Salvucci and Crafts‐Brandner, 2004). In addition, 
the thermal lability of other CBB cycle enzymes may also contribute to reduced 
carbon fixation under heat (J Berry and Bjorkman, 1980, Allakhverdiev et al., 2008b). 
In addition to the direct impact of heat on photosynthetic components, high 
temperature may indirectly affect carbon fixation by influencing stomatal conductance 
(Wong et al., 1979, Farquhar and Sharkey, 1982). Under prolonged heat stress, 
plants may initially up-regulate transpiration for evaporative cooling of the leaves. If 
availability of soil water is limited, this increase in transpirational water loss may 
induce water stress in the heat-stressed plants. Under such circumstances, a range 
of drought-related responses will be induced including stomata closure, which can 
limit CO2 availability to the chloroplast and inhibit photosynthesis. Water stress has 
been frequently observed in plants experiencing high temperature (Wahid and Close, 
2007, Tsukaguchi et al., 2003). 
1.4.2 Impact of heat stress on vegetative growth and reproduction of plants 
The impact of heat stress on plant growth depends on the plant species and 
developmental stage. During vegetative growth, heat stress may inhibit cell 
expansion by lowering the water potential, leading to reduction in cell and overall 
plant size (Potters et al., 2007, Bañon et al., 2004). The developmental pattern may 
also be changed by heat stress.  Changes in stomata and trichome densities and 
number of xylem vessels in both shoots and roots have been observed in Lotus 
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plants (Bañon et al., 2004). Heat stress may inhibit the expansion of the first 
internode, which was observed in sugarcane plants grown under high temperature 
(Ebrahim et al., 1998). These plants also exhibited increased tillering, early 
senescence and reduced biomass accumulation (Ebrahim et al., 1998). The impact 
of high temperature on enzymes directly involved in plant cell wall expansion is not 
well understood. In many cases, the reduction in plant growth caused by heat is 
thought to be a result of photosynthesis inhibition and altered assimilate partitioning 
(Wahid et al., 2007). Heat stress has been shown to inhibit photosynthesis in crop 
species such as sugarcane (40 °C), maize (above 38 °C), sorghum (40 °C) and 
wheat (above 25 °C) (Wahid, 2007, Blum, 1986, Crafts-Brandner and Salvucci, 
2002a, Jagtap et al., 1998). 
  Losses in agricultural production due to heat stress are probably more 
attributable to the negative impact of heat stress during the anthesis and grain filling 
stages of plant development which can significantly reduce grain yield (Wollenweber 
et al., 2003). Exposure to heat stress during anthesis may increase flower abortion 
and cause pollen sterility, which may severely reduce grain numbers (Wardlaw and 
Wrigley, 1994, Young et al., 2004, Guilioni et al., 1997, Edreira et al., 2011). The 
decrease in carbohydrate availability as a result of lower photosynthesis during 
flower initiation was recogonised as a major cause of floret abortion (Kirby, 1988, 
Blum et al., 1994, Demotes-Mainard and Jeuffroy, 2004). The high sensitivity of 
pollen production and viability to heat stress had been shown to be the results of 
impaired meiosis and mitosis (Saini et al., 1984, Sakata et al., 2000), which may be 
attributable to altered carbohydrate metabolism (Pressman et al., 2002, Vara Prasad 
et al., 1999) and insufficient induction of heat shock proteins (Young et al., 2001b, 
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Magnard et al., 1996). In addition, high temperature may change the phenology of 
plant development and shortened the duration of vegetative growth and flower 
initiation, leading to a reduction in the number of flowers (Warrington et al., 1977, 
Rahman et al., 1977, Otegui and Melon, 1997).  
The change in phenology can further have an impact on the grain-filling stage, 
for example, the shortened duration of grain-filling stage can significantly result in 
reduction in grain size due to limited supply of carbohydrate (Dias and Lidon, 2009, 
Yin et al., 2009, Calderini et al., 2006). Another factor for reduction in grain size due 
to heat stress is altered assimilate translocation. Due to reduction in photosynthesis 
under heat stress, it has been shown that the demand for carbon assimilates shift 
from current assimilates of the leaves to stored assimilates of the stem, meaning that 
the ability to store assimilates in the stem can significantly influence grain-filling 
under heat stress (Blum et al., 1994, Blum, 1998, Yang et al., 2002). The transport of 
assimilates through symplastic and apoplastic pathways have shown to be reduced 
under heat stress (Dinar et al., 1983, Ahmadi and Baker, 1999, Plaut et al., 2004, 
Farooq et al., 2011, BARNABÁS et al., 2008). Furthermore, starch and protein 
synthesis in the grain has been shown to be sensitive to heat stress, resulting in 
reduced grain size and quality (Keeling et al., 1993, Denyer et al., 1994, Jenner, 
1994, Duke and Doehlert, 1996, Wilhelm et al., 1999, Hurkman et al., 2003, 
BARNABÁS et al., 2008). 
1.4.3 Mechanisms of heat tolerance in plants 
Plant heat tolerance relies on the ability to perceive heat stress and to rapidly 
induce signals which can turn on adaptive response mechanisms (Wahid et al., 
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2007). The early perception of heat was shown to occur at the plasma membrane, 
where increased fluidity of the plasma membrane leads to Ca2+ influx and 
cytoskeletal reorganization. This results in the activation of mitogen activated protein 
kinase (MAPK) and calcium dependent protein kinase (CDPK) signalling pathways 
(Sangwan et al., 2002, Larkindale and Knight, 2002, Kaur and Gupta, 2005). The 
MAPK signalling pathway is universally involved in plant stress responses, its 
activation can lead to the transcriptional up-regulation of genes that are involved in 
stress response (Ichimura et al., 2002, Tena et al., 2001). The activation of the CDPK 
signalling pathway has been shown to correlate with induction of heat shock proteins 
(HSPs) (Sangwan and Dhindsa, 2002). Heat stress can also induce the production of 
ROS, which can act as secondary messengers to signal the induction of heat 
response genes (Suzuki and Mittler, 2006). Additionally, heat stress has also been 
shown to lead to changes in plant hormone production and signalling, this may 
further lead to re-programming of the transcriptome to tailor the stress response and 
developmental program of the plant to the high temperature conditions (Larkindale 
and Huang, 2005, Ahammed et al., 2016).  Various molecular mechanisms can be 
induced in plants to alleviate damage caused by heat stress. The major mechanisms 
are introduced below. 
 
Antioxidant 
 
Heat stress can induce an increase in production and accumulation of ROS 
(Sairam et al., 2000, Mittler, 2002, Almeselmani et al., 2009, Wahid et al., 2007). 
Because high levels of ROS can lead to cellular damages such as peroxidation of 
membrane lipids and pigments leading to the loss of membrane functions, the ability 
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to detoxify ROS is thus critical for plant survival under heat stress (Asada, 2006, 
Suzuki and Mittler, 2006). In order to remove ROS, plants can up-regulate the 
production of antioxidant molecules including ascorbate, glutathione and tocopherols, 
as well as antioxidant enzymes under heat stress (Sharkey, 2005, Xu et al., 2006). 
Ascorbate and glutathione are used in a series of enzymatic reactions known as the 
“Foyer-Halliwell-Asada” pathway to remove H2O2 (Foyer and Noctor, 2011b, Noctor 
and Foyer, 1998). Enzymes involved in the pathway include ascorbate peroxidase, 
dehydroascorbate reductase, glutathione S-transferase and glutathione reductase.  
When cellular reductant NADPH is available, the ascorbate and glutathione oxidized 
by ROS may be re-generated (Foyer and Noctor, 2011b, Noctor and Foyer, 1998).  
 
Heat shock proteins 
 The induction of heat shock proteins (HSPs) is the most well-known 
mechanism of plant heat stress tolerance (Vierling, 1991, Wang et al., 2004). Some 
HSPs (such as the Hsp100 family) can prevent protein aggregation caused by heat, 
while some HSPs (such as the Hsp70 family) can act as molecular chaperones which 
assist in protein folding under heat stress (Wang et al., 2004). The Hsp90 family of 
proteins are well known for their role in facilitating maturation of signalling proteins 
such as steroid hormone receptors, thereby playing an important role in regulating 
plant development under stress (Young et al., 2001a, Richter and Buchner, 2001). 
Plant species differ in terms of their speed and types of HSPs that can be induced 
under heat. It has been shown that there is a direct correlation between the extent of 
HSP induction and tolerance of plants to heat stress (Dupuis and Dumas, 1990, 
Nieto-Sotelo et al., 2002, Maestri et al., 2002, Wahid et al., 2007).  
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1.5 Technologies enabling the systematic understanding of plant 
heat stress tolerance 
Heat stress has been shown to affect plant functions in almost every way, from 
enzyme activities to metabolite concentrations; from gene expression to protein 
synthesis, folding and stability; from tissue-level anatomy to whole plant-level 
morphology to phenology. To gain a deep understanding of the underlying 
mechanisms of heat tolerance, plant processes must be examined at multiple levels 
using various technologies. More traditionally, plant heat stress response had been 
studies at the physiological level, where leaf photosynthetic and respiratory traits are 
studied using gas-exchange systems. Enzyme activities and electron transport chain 
activities may also be measured to consolidate the observation obtained from gas-
exchange. The arrival of the post-genomics era and the advancement of mass 
spectrometry technologies have further enabled functional genomics studies of plant 
heat stress response. Particularly, transcriptomics enabling the analysis of gene 
expression level, the measurement of protein abundance by quantitative proteomics, 
and metabolites by metabolomics, all at a global level without specific pre-defined 
targets. The combination of these approaches may allow the discovery of new 
molecular mechanisms underlying plant heat stress response. A brief introduction to 
each of the above mentioned omics technology is given below. 
Transcriptomics 
Transcriptomics studies are aimed at measuring the abundance of the complete 
set of transcripts in a cell in order to determine the expression levels of genes under 
a particular developmental stage or a particular environment. Modern transcriptomics 
use RNA-Seq technology, which is a high-throughput DNA sequencing technology 
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adapted for measuring the abundance of mRNAs (Wang et al., 2009, Wang et al., 
2010).  Generally, the mRNA population of a total RNA extract are selected by their 
poly(A)+ tails, these mRNAs are converted to a cDNA library which is then high-
throughput sequenced. The sequence of each read is mapped onto a reference 
genome to determine the gene identity. The number of reads mapped onto a gene is 
correlated with the abundance of that particular transcript and the expression level of 
the gene. Transcriptomics using RNA-Seq has been employed to study plant gene 
expression for over a decade (Wang et al., 2010). It has been widely used to reveal 
plant gene regulatory networks under abiotic stress conditions including heat (Urano 
et al., 2010, Cramer et al., 2011).  
Proteomics 
Proteomics allow the study of abundance, post-translational modification state 
and interactions of proteins on a global scale (Hu et al., 2015). It is increasingly 
recognized that post-transcriptional regulation, such as regulation at the translation 
and post-translation levels play an important role in regulating plant development and 
stress response mechanisms (Hu et al., 2015). This is especially relevant for 
chloroplast-expressed genes, which had been found to be primarily regulated at the 
translation level (Marín-Navarro et al., 2007, Danon and Mayfield, 1994, Manuell et 
al., 2004). As such, proteomics studies can provide more comprehensive information 
with regard to the abundance of photosynthetic proteins and their functions.  
Modern quantitative proteomics techniques coupled with high-resolution mass 
spectrometry instruments allow the quantitation of thousands of proteins and post-
translational modifications in a short amount of time (Bantscheff et al., 2012). The 
process generally involves digestion of the extracted proteins into peptides, 
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separation of peptides using ultra-high-pressure-liquid chromatography (LC), and 
then the analysis of peptide accurate mass and mass fragmentation patterns on a 
mass spectrometer (MS) for peptide identification. To achieve protein quantification, 
chemical labels (commonly isotopic labels) can be introduced into the 
proteins/peptides during sample preparation to distinguish samples subjected to 
different treatments, the differentially labelled samples are pooled together and 
analysed in the same LC-MS run. Quantitation is achieved by comparing the 
intensities of the isotope clusters of the differentially labelled peptides (Mann, 2006, 
Boersema et al., 2009, Ong et al., 2003). The advantage of labelled quantitation is 
the minimization of cross-run variations, a disadvantage is the limitation on the 
number of samples that can be simultaneously analysed by the number of different 
labels available for a particular technique (Bantscheff et al., 2012). Many label-free 
quantitative proteomics methods are also available when large number of samples 
need to be compared (Neilson et al., 2011, Zhu et al., 2009).  
 
Metabolomics 
Non-targeted metabolomics (also known as metabolite profiling) aims to 
measure the relative concentrations of a large number of metabolites using various 
chromatography separation steps coupled to mass spectrometry technologies 
(Schauer and Fernie, 2006). If the transcriptome is analogous to what the biological 
system intends to be doing, and the proteome is analogous to what the biological 
system is actually doing, then the metabolome can be thought of as a 
reflection/snapshot of the consequences of the actions already carried out by the 
biological system. The aim of metabolomics in plant abiotic stress response studies is 
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often centred around the discovery of metabolites which accumulate under stress 
and serve important roles in protection against stress (Nakabayashi and Saito, 2015). 
To this end, it is commonly found that the accumulation of high levels of antioxidants 
(e.g. ascorbate and a-tocopherols), raffinose family oligosaccharides and other 
sugars are correlated with elevated heat-stress tolerance in many plant species 
(Kaplan et al., 2004, Obata and Fernie, 2012, Nakabayashi and Saito, 2015). In 
recent years, there has been a rise in the number of studies incorporating 
transcriptomics and metabolomics in plant abiotic stress response studies in order to 
identify the signalling and gene regulatory networks underlying the accumulation of 
stress-protective metabolites (Saito et al., 2008).  
1.6 Aims and Strategy 
Given the advancement of various omics technologies, and the huge complexity 
of plant heat stress response, there is a clear need for experiments employing a 
systems approach by integrating multiple omics platforms in order to gain a holistic 
understanding of plant heat stress response and tolerance mechanisms. During the 
initial experimentations on growth conditions for the C4 model species S. viridis, it 
was a surprise to discover that the plants could tolerate long-term high temperature 
treatment (42 °C). An experimental system was thus established to explore the long-
term heat stress response of S. viridis using a systems approach. S. viridis seedlings 
were initially established under normal growth conditions (28 °C day / 20 °C night) for 
two weeks, plants subjecting to heat stress treatment were then transferred to high 
temperature (42 °C day / 32 °C night) and grown for another two weeks until the 
completion of vegetative growth and the onset of flowering. We consider this heat 
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stress treatment “long-term” because the length of the treatment corresponds to 
approximately half of the vegetative growth phase. This experimental system forms 
the basis of this thesis. 
In each of the results chapter, a number of different types of data, including 
physiological and biochemical data, transcriptomics, proteomics and metabolomics 
data, are integrated to examine one particular aspect of plant metabolism and its 
response to heat stress. Chapter 3 investigates the effect of heat stress on 
photosynthesis and photorespiration; Chapter 4 examines the effect of heat stress on 
respiration; Chapter 5 focuses on the effect of heat stress on carbon and nitrogen 
metabolism; and Chapter 6 looks at the effect of heat stress on hormone signalling 
pathways. The results of each chapter are then integrated and analysed in Chapter 
7, which will also provide a synthesis of a model describing the heat stress response 
and tolerance mechanisms in this model C4 species. 
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Figure 1.1 The light reaction and the dark reaction of photosynthesis. In C3 plants, 
both sets of reactions occur in the same photosynthetic cell. Abbreviations: PGK, 
phosphoglycerate kinase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; 
TPI, triose phosphate isomerase; FBA, fructose-bisphosphate aldolase; FBP, 
fructose bisphosphatase; TKL, transketolase; SBP, sedoheptulose-1,7-
bisphosphatase; RPI, ribose-5-phosphate isomerase; PRK, phosphoribulose kinase; 
Rubisco, ribulose bisphosphate carboxylase/oxygenase; cyt.b6f, cytochrome b6f; Fd, 
ferredoxin; FNR, ferredoxin-dependent NADP+ reductase. 
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Figure 1.2 The general theme of photorespiration in a typical C3 plant. Abbreviations: 
PGLP1, phosphoglycolate phosphatase1; GOX, glycolate oxidase; SGAT, 
serine:glyoxylate aminotransferase; GGT, glutamate:glyoxylate aminotransferase; 
SHMT, serine hydroxymethyltransferase; GDC, glycine decarboxylase; mMDH, 
mitochondrial malate dehydrogenase; pMDH, peroxisomal malate dehydrogenase; 
HPR, hydroxypyruvate reductase; CAT, catalase; GS, glutamine synthetase; 
GOGAT, ferrodoxin-dependent glutamate synthase; GLYK, glycerate kinase. 
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Figure 1.3 Different types of C4 photosynthesis (A) NADP-ME subtype, (B) NAD-ME 
subtype, (C) PEPCK subtype, and (D) Kranz anatomy of the leaf of a typical two-cell 
C4 plant (Setaria viridis is shown). Enzyme names: 1. carbonic anhydrase (CA); 2. 
phosphoenolpyruvate carboxylase (PEPC); 3. NADP-dependent malate 
dehydrogenase (NADP-MDH); 4. NADP-dependent malic enzyme (NADP-ME); 5. 
Rubisco; 6.  pyruvate orthophosphate dikinase (PPDK); 7. aspartate amino 
transferase (ASP-AT); 8. NAD-dependent malate dehydrogenase (NAD-MDH); 9. 
NAD-dependent malic enzyme (NAD-ME); 10. Alanine amino transferase (ALA-AT); 
11. phosphoenolpyruvate carboxikinase (PEPCK). 
 
 
 
 
 
 
 
Figure 1.4 A wild-type Setaria viridis (A10) plant at 4-week-old. The growth condition 
is 380 ppm CO2, light intensity of 1000 µmol m-2 s-1, at temperatures of 28 °C day/20 
°C night. 
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2 Materials and Methods 
2.1 Plant growth 
Seeds of Setaria viridis genotype A10 were treated in 10% liquid smoke for 2 
hours at room temperature to promote germination. Seeds were sown onto a rice mix 
prepared by the CSIRO phenomic facility, in a small clear plastic container (10cm x 10 
cm x 5 cm) with the lid closed to prevent drying. Seeds were germinated in a Conviron 
growth chamber under 16h/8h day-night cycle, and the temperature was set at 28 ºC 
day/20 ºC night, relative humidity 40-60%, CO2 at 380 ppm,  and an irradiance at 1000 
µmol quanta m-2 s-1. After germination, seedlings were transplanted into individual pots 
made with PVC plastic pipe that are 10 cm in diameter and 75 cm tall containing the 
same rice mix. At two weeks old, 20 plants were transferred into a Conviron growth 
chamber that had the exact same condition except the temperature was set at 42 ºC 
day/32 ºC night. Plants were watered daily in the morning and fertilized with diluted 
SeasolTM liquid fertilizer 3 times a week. When the plants were for weeks old, 4 plants 
from each treatment were used for gas-exchange experiments, 3 plants were used for 
leaf anatomical and biomass analysis, and 5 plants were harvested by snap freezing 
their leaves in liquid nitrogen. A number of fully expanded leaves from each plant were 
pooled together and ground up into fine powder while frozen for the extraction of RNA, 
protein and metabolites.  
2.2 Biomass measurement and leaf anatomy 
At the end of the treatment, three plants from the control and heat-stressed 
group were taken for analysis. The roots were washed and the roots and shoots cut 
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separately with scissors and placed in paper bags. The material was dried in an 80 ºC 
oven for 3 days and the weight of the dried material measured. One fully expanded 
fresh leaf from each plant was taken for fixation for anatomical analysis. The leaf was 
equally divided into tip, middle, and bottom sections, and placed in 25% 
glyceraldehyde solution in glass vials.  
2.3 Gas exchange 
Gas exchange was measured on the flag leaf of the 4-week-old control and 
heat-stressed plants using a LI-6400XT with a LED light source (Licor). Measurements 
were performed early in the morning, from ~2 hours into the day cycle. Measured 
leaves were initially equilibrated under standard condition of 380 µmol mol-1 CO2, 25 
ºC leaf temperature, 2000 µmol quanta m-2 s-1, and a flow rate of 500 µmol s-1, until 
leaf photosynthesis stabilized. Photosynthetic CO2 response (A-Ci) curves were 
performed by first step wise decrease in CO2 partial pressure from 400 µmol mol-1 to 
0 µmol mol-1, then step wise increase from 0 µmol mol-1 to 1500 µmol mol-1, while 
maintaining leaf temperature at 25 ºC and irradiance of 2000 µmol m-2s-1. 
Photosynthetic light response curves were performed by step wise increasing the light 
intensity from 0 µmol quanta m-2 s-1 to 2000 µmol m-2 s-1, while maintaining CO2 partial 
pressure at 380 µmol mol-1 and leaf temperature at 25 ºC.  
Leaf dark respiration measurements were conducted dark adapted plants that 
just exited the night cycle. Leaves were first measured at 25 ºC, 380 µmol mol-1 CO2. 
Then leaves were measured at 20, 25, 30, 35, 40, 45 ºC. Measurements were taken 
at each temperature when leaf dark respiration stabilized in the new condition.  
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At the end of the gas exchange experiments, leaf disks were taken from the 
measured leaves and snap-frozen in liquid nitrogen for measurement of enzyme 
activity, chlorophyll content, starch content, and protein content. 
2.4 On-line carbon isotope discrimination measurements 
The on-line carbon isotope discrimination of the fully expanded leaves of the 
control and heat-stressed plants were measured using LI-6400XT systems coupled to 
a tunable diode laser (TDL; model TGA100, Campbell Scientific, Inc., Logan, UT, USA) 
as described in Pengelley et al. (2010). Measured leaves were allowed to reach a 
steady state photosynthesis inside the Licor chamber at an ambient CO2 concentration 
of 380 µmol mol-1, an irradiance of 2000 µmol m-2s-1, a flow rate of 500 µmol s-1 and 
25 ºC. The leaf temperature was then adjusted stepwise from 20 ºC, to 25 ºC, 30 ºC, 
35 ºC, 40 ºC and 45 ºC. For the TDL, N2 and O2 were used as input air, and were mixed 
using mass flow controllers (OMEGA Engineering). Part of the input air and air from a 
compressed air tank were used to correct for gain drift throughout the day. A calibration 
gas was made by mixing 10% CO2 (d13C = -24.5‰) and part of the input air in a 
calibration gas mixing system to generate ~1000 µmol mol-1 CO2. From this, six 
different CO2 concentrations with the same isotopic composition was generated by 
mixing with the input air. The CO2 cylinders used in the Licor had a carbon isotope 
composition of 13.1 ‰ with respect to PDB. The TDL measurements followed a 
sequence of 20 s measurements of zero and six calibration CO2 concentrations, the 
compressed air, the reference and sample gases of the two Licor machines that were 
connected. The reference air from the Licor were collected from the tube used to match 
the infrared gas analysers (IRGAs) in the Licor. The gases from the Licor were dried 
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by passing through a dryer assembly in the gas line before entering the TDL for d13C 
measurements. 
2.5 Estimation of the Bundle Sheath CO2 leakiness 
Carbon isotope discrimination (D) was calculated as (Evans et al., 1986): 
∆	= 𝜉 𝛿& −	𝛿(1 +	𝛿& − 𝜉	(𝛿& − 𝛿()																																																											(1)			 
where 𝛿( and 𝛿& are the carbon isotope compositions of dry air entering and leaving 
the leaf chamber, respectively, measured by the TDL. 𝜉 = 𝐶(/(𝐶( − 𝐶&), and 𝐶( and 𝐶& 
are the CO2 partial pressures of dry air entering and leaving the chamber, respectively, 
measured by the TDL.  
 CO2 leakiness (f) was estimated using the model of C4 carbon isotope 
discrimination developed by Farquhar (1983): 
∆	= 𝑎0 	 𝐶1 − 𝐶2𝐶1 + 𝑎 𝐶2 − 𝐶3𝐶1 + 𝑒2 + 𝑎5 	 𝐶3 − 𝐶6𝐶1+ 𝑏89 + 𝑏:9 − 𝑠 𝜙 𝐶6𝐶1 																																	(2) 
where 𝐶1, 𝐶2, 𝐶3 and 𝐶6 are the CO2 partial pressures in the air, at the leaf surface, in 
the intercellular airspace, and in the mesophyll cytoplasm, respectively. 𝑎0  is the 
fractionation factor during diffusion through the boundary layer (2.9 ‰), 𝑎  is the 
fractionation associated with diffusion of CO2 in air (4.4 ‰), 𝑒2  is the fractionation 
during dissolution of CO2 (1.1 ‰), 𝑎5  is the fractionation during aqueous diffusion 
(0.7 ‰), and 𝑠 is the fractionation during CO2 leakage from the bundle sheath cells 
(1.8 ‰).  
Chapter 2 Materials and Methods 
 
 
 
43 
The combined fractionation of Rubisco, respiration, and photorespiration, 𝑏:9 , is 
given by: 
𝑏:9 = 𝑏: − 𝑒 𝑀6 +𝑀2𝑉A − 𝑓𝑉&𝑉A 																																											(3) 
where 𝑉A and 𝑉& are the rates of Rubisco carboxylation and oxygenation, respectively. 𝑀6 and 𝑀2 are the rates of respiration occurring in the mesophyll and bundle sheath 
cells, respectively. 𝑏:  is the fractionation factor by Rubisco (30 ‰) and 𝑓  is the 
fractionation associated with photorespiration (11.6 ‰). 𝑒  is the fractionation 
associated with respiration (-5.1 ‰), and was calculated from the difference between 
the d13C in the CO2 cylinder (-13.1 ‰) used during experiments and that in the 
atmosphere under growth conditions (-8 ‰) (Tazoe et al., 2009). 
 The combined fractionation by PEP carboxylation, respiration, and fractionation 
during dissolution of CO2 and conversion to HCO3- is given by: 
𝑏89 = 𝑏8 + ℎ − 𝑒0 − 𝑏E 𝑉E𝑉F − 𝑒𝑀6𝑉E 																																	(4) 
where 𝑉E and 𝑉F are the rates of PEP carboxylation and CO2 hydration. 𝑏8 = 𝑏E + 𝑒0 +𝑒2 (-5.7 ‰ at 25 ºC) is the combined fractionation of PEP carboxylation (𝑏E = 2.2 ‰) 
and the preceding isotopic equilibrium fractionation (𝑒0 = -9‰ at 25 ºC) and dissolution 
of CO2 (𝑒2), and ℎ is the fractionation of the catalyzed CO2 hydration (1.1 ‰) (Cousins 
et al., 2006b, Henderson et al., 1992).  
 To calculate f, it was assumed that both the boundary layer conductance and 
the internal conductance to CO2 diffusion were large (𝐶1 = 𝐶2	𝑎𝑛𝑑	𝐶3 = 𝐶6) and that 
there was sufficient carbonic anhydrase activity such that 𝑉E/𝑉F  = 0. And since 
measurements were made at 2% O2, it was also assumed that 𝑉& = 0. 
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 To account for the contribution of respiration in Equations (3) and (4), it was 
assumed that 𝑀6 +𝑀2 = 𝑅K, the rate of measured dark respiration, and that 𝑀6 =0.5	𝑅K. Using the C4 photosynthesis model (von Caemmerer, 2000), 𝑉A and 𝑉E were 
approximated by 𝑉A = 𝐴 + 𝑅K and 𝑉E = (𝐴 + 0.5	𝑅K)/(1 − 𝜙), respectively, where 𝐴 is 
the CO2 assimilation rate. With these simplifications: 
𝑏:9 = 𝑏: − 𝑒	 𝑅K𝐴 − 𝑅K 																																																	(5) 
and 
𝑏89 = 𝑏8 − 𝑒	 0.5	𝑅K 1 − 𝜙𝐴 + 0.5𝑅K 																																				(6) 
Using Equations (3) to (6), Equation (2) can be modified to form: 
∆= 𝑎 + 𝑒2 + 𝑎5 − 𝑎 𝐴𝑔6 ∗ 𝐶1 + 𝑏8 − 𝑒 0.5𝑅K𝐴 + 0.5𝑅K + 𝑏: − 𝑠 − 𝑒 𝑅K𝐴 + 𝑅K − 0.5𝑅K𝐴 + 0.5𝑅K 𝜙 − 𝑎
∗ 𝐶3 − 𝐴𝑔6𝐶1 																																																																																					(7) 
where 𝑔6 is the mesophyll conductance to CO2 diffusion and TUV = 𝐶3 − 𝐶6 
 Rearranging Equation (7) gives an explicit expression of 𝜙: 
𝜙 = ∆ − 𝑎 −
𝑒2 + 𝑎5 − 𝑎 𝐴𝑔6𝐶1 − 𝑏8 − 𝑒 0.5𝑅K𝐴 + 0.5𝑅K − 𝑎 𝐶3 − 𝐴𝑔6𝐶1
𝑏: − 𝑠 − 𝑒 𝑅K𝐴 + 𝑅K − 0.5𝑅K𝐴 + 0.5𝑅K 	 𝐶3 − 𝐴𝑔6𝐶1
							(8) 
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2.6 Chlorophyll measurement 
Chlorophyll content of the leaves was characterized following the method 
developed by Porra et al. (1989). Leaf tissue was homogenized using a glass 
homogenizer in ice-cold 80% acetone buffered with 2.5 mM phosphate buffer (pH 7.8). 
The homogenate was centrifuged at 12,000 x g for 10 min at 4 ºC, and 100 µL of the 
supernatant was diluted with 900 µL of the extraction buffer before reading the 
absorbance at 750 nm, 663.6 nm and 646.6 nm on a spectrophotometer. The following 
equations were used to calculate chlorophyll content: 
Chlorophyll a = 13.71 x (A663.6 – A750) – 2.85 x (A646.6 – A750) 
Chlorophyll b = 22.39 x (A646.6 – A750) – 5.42 x (A663.6 – A750) 
Chlorophyll a + b = 19.54 x (A646.6 – A750) + 8.29 x (A663.6 – A750) 
2.7 Dry matter C and N content 
Some leaf disks from the heat stress experiment were over-dried and wrapped 
into a small aluminium weighing boat with their accurate weight recorded. The 
percentage carbon and nitrogen was calculated by combustion of samples in an 
elemental analyser (EA1110, Carlo Erba) with the help of Dr. Hilary Stuart-Williams at 
the Stable Isotopes Laboratory at the ANU.  
2.8 Rubisco and PEPC activity assay 
Leaf disks from the mid-section of fully expanded leaves from the control and 
heat-stressed plants were collected and snap frozen in liquid nitrogen. One leaf disk 
was crushed with a glass homogenizer in 500 µL of freshly prepared ice-cold 
extraction buffer (100 mM HEPES-KOH, pH 7.4, 5 mM DTT, 0.1% BSA, 0.05% Triton 
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X-100, 2 mM EDTA, 5 mM MgCl2, 1% PVPP) plus 10 µL of protease inhibitor cocktail 
(P-9599; Sigma, St. Louis, MO, USA). The homogenate was quickly transferred into 
a 1.5 mL tube and centrifuged at top speed for 30 seconds at 4 °C. To cuvette 1 & 2, 
435 µL of freshly prepared Rubisco assay buffer (100 mM EPPS, pH 8, 20 mM 
MgCl2, 1 mM EDTA, 10 mM NADH, 10 mM ATP, 50 mM coupling enzyme, 400 mM 
NaHCO3) was added; to cuvette 3, 435 µL of freshly prepared PEPC assay buffer 
(100 mM EPPS, pH 8, 20 mM MgCl2, 1 mM EDTA, 40 mM NADH, 5 mM glucose-6-
phosphate, 400 mM NaHCO3, 0.5 unit of malate dehydrogenase enzyme) was 
added. The initial absorbance at 340 nm (correlating with amount of NADH) was read 
to make sure it is steady. Then to cuvette 1, 5 µL of RuBP was added and the 
absorbance at 340 nm was read until it is steady. To cuvetted 1, 2 & 3, 60 µL of the 
ice-cold leaf extract was added, and the absorbance was read for 7 min to allow 
enzyme activation. The reading from cuvette 1 was used to calculate the initial rate of 
Rubisco. After 7 min, 5 µL of RuBP was added to cuvette 2 for determination of total 
Rubisco activity, and 5 µL of 400 mM PEP was added to cuvette 3 for determination 
of total PEPC activity. The absorbance at 340 nm was read to determine the rate of 
NADH consumption (assuming an extinction coefficient of NADH to be 0.00622 mmol 
cm-1). The slope of the absorbance values (D A s-1) was derived from the absorbance 
readings. The rate of enzymatic reaction is determined as: 
𝑟𝑎𝑡𝑒 = ∆𝐴 ∗ 10.00622 ∗ 𝑎𝑠𝑠𝑎𝑦	𝑣𝑜𝑙𝑢𝑚𝑒𝑣𝑜𝑙𝑢𝑚𝑒	𝑜𝑓	𝑒𝑥𝑡𝑟𝑎𝑐𝑡	𝑢𝑠𝑒𝑑 	 ∗ 𝑡𝑜𝑡𝑎𝑙	𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛	𝑣𝑜𝑙𝑢𝑚𝑒𝑙𝑒𝑎𝑓	𝑎𝑟𝑒𝑎  
 
The rate of Rubisco is the rate divided by 4 because there are 4 active sites on 
each Rubisco. 
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This procedure was repeated for each leaf disk to be measured. 
2.9 Leaf starch content 
Leaf starch content was determined for a leaf disk (with known area) that was 
collected from the mid-section of a fully expanded mature leaf from the heat stress 
experiment. The fresh weight of the leaf disk was determined before extraction. The 
Megazyme Total Starch Assay Kit (referred to as the “kit”) was used for starch 
determination with some modifications to the manufacture’s instruction.  
For starch extraction, the leaf disk was ground with a mortar and pestle to a 
fine powder in liquid nitrogen, and 500 µL of extraction buffer (80% ethanol, 10 mM 
MES, pH 5.9) was added to the mortar, and the leaf powder mixture was completely 
transferred to a 2 mL Eppendorf tube. The tubes were incubated in a Thermomixer at 
80 °C with shaking at 1,400 rpm for 20 min, and centrifuged at 12,000 x g for 5 min. 
The supernatant containing the soluble sugar was transferred to a new tube, and the 
pellet was extracted with 500 µL of extraction buffer 2 more times by adding the 
buffer to the pellet and vortexing. The supernatant from each wash and spin was 
pooled into the same tube for soluble sugar. The grey-white pellet was dried briefly 
on a SpeedyVac, and resuspended in 400 µL of 0.1 M NaOH by shaking at 1,400 
rpm at 99 °C for 30 min on a Thermomixer to extract the protein. The tubes were 
cooled to room temperature and centrifuged at 12,000 x g for 5 min, and the 
supernatant containing the protein fraction was collected into another new tube. The 
pellet was neutralized with 80 µL of 0.5 M HCl / 0.1 M acetic acid (pH 4.9) buffer. A 
series of starch standard (using Maize starch provided with the “kit”) was weighed out 
and wetted with 10 µL of 80% ethanol and proceeded with starch digestion.  
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The starch in the neutralized pellet was enzymatically digested to D-glucose 
by the following reactions: 
          a-amylase                                      amyloglucosidase 
starch    à       maltodextrins        à           D-glucose 
 
 To the neutralized pellets and the starch standard, 195 µL of diluted a-
amylase (by adding 1 mL of a-amylase provided with the “kit” to 29 mL of 50 mM 
MOPS buffer) was added and vortexed vigorously. The tubes were incubated on a 
heating block set at 100 °C for  a total of 10 min, and the tubes were vortexed 
vigorously every 3 min. At the end of incubation, 200 µL of 200 mM sodium acetate 
was added to each tube, followed by 5 µL of amyloglucosidase (provided with the 
“kit”) and vortexed vigorously. The tubes were incubated at 50 °C for 30 min, and 
then centrifuged at 5,000 x g for 30 min at 15 °C, the supernatant is taken for 
measurements of glucose concentration (there should be 480 µL of supernatant in 
each tube).  
Glucose concentration was determined by enzymatic reaction coupled to 
spectrophotometric method. The reaction is as follows and the amount of NADPH 
formed was measured using a spectrophotometer: 
                            hexokinase 
D-glucose + ATP    à    glucose-6-phosphate + ADP + NADP+  
Glucose-6-phosphate dehydrogenase 
                à                   gluconate-6-phosphate + NADPH + H+ 
For glucose concentration determination, 20 µL of D-glucose standards at 
different concentrations, followed by 2 µL of starch standard, followed by 20 µL of 
supernatant from the sample extraction process was added to the wells of a 96-well 
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flat bottom plate. The glucose determination solution was prepared following the 
instruction of the “kit” by mixing 1 mL of buffer (Bottle 3) with 1 mL of NADP+/ATP 
solution (Bottle 4) and 20 mL of milliQ water (reagents were provided with the “kit”). 
220 µL of glucose determination solution was added to each well of the plate, mixed 
and the absorbance was read at 340 nm. After about 3 min, the reaction was started 
by adding 2 µL of Hexokinase/Glucose-6-phosphate dehydrogenase (Bottle 5 from 
the “kit”) to each well. The plate was mixed and absorbance was read at 340 nm 
every 1 min on an automatic plate reader (BioRad) until the absorbance stops 
changing.  
The amount of glucose in each sample well was determined using the glucose 
standard curve. The total starch content was calculated based on the volume of 
sample used for glucose determination (20 µL) and the total volume from the 
extraction process (480 µL), and expressed as (µmol hexose equivalent per m2 of 
leaf).  
2.10 Transcriptomics analysis 
2.10.1 RNA extraction and quality analysis 
Total RNA was extracted from frozen leaf powder using TRIzol™ Reagent. For 
each tube of homogenized leaf sample (~100 mg), 1 mL of TRIzol™ Reagent was 
mixed in and incubated at room temperature for 5 min to lyse the cells. The cell lysate 
was centrifuged at 12,000 x g for 15 min at 4 °C to remove debris, and the supernatant 
was transferred to a new tube. To each tube 0.2 mL of chloroform was added, the 
tubes were shaken by hand for 15 seconds and incubated for 2-3 min at room 
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temperature. The mixture was centrifuged at 12,000 x g for 15 min at 4 °C, and the 
upper colourless aqueous phase containing the RNA was transferred into a new tube. 
For RNA precipitation, 0.5 mL of isopropanol was added to the aqueous phase and 
incubtated at room temperature for 10 min. The mixture was centrifuged at 12,000 x g 
for 10 min at 4 °C and the supernatant was discarded using a pipette. The resulting 
RNA pellet was washed with 75% ethanol by gentle vortexing, and centrifuged at 7,500 
x g for 5 min at 4 °C. The wash was repeated three times. After the last ethanol wash, 
the RNA pellet was air dried, and then resuspended in 50 µL of RNAse-free water. The 
rough concentration and purity of the extracted RNA was check by NanodropÔ. 
The quality and accurate concentration of the extracted RNA was measured by 
Agilent 2100 Bioanalyser using the Agilent RNA 6000 Nano Kit following the 
manufacture’s instruction. Briefly, RNA gel matrix was added to a spin filter and 
centrifuged at 1,500 x g for 10 min at room temperature. 1 µL of RNA dye concentrate 
was added to 65 µL of filtered gel and mixed by vortexing, following by centrifuging at 
13, 000 x g for 10 min at room temperature. The prepared gel-dye mix was added to 
appropriate wells on the RNA chip using the chip priming station. 5 µL  of RNA marker 
was added to each well to be analysed, followed by 1 µL of RNA ladder in the ladder 
well and 1 µL of sample in each of the sample well. The prepared chip was vortexed 
in the IKA vortexer for 1 min at 2,400 rpm and inserted into the Bioanalyser for analysis. 
The obtained RNA samples had a RNA Integrity Number ranging between 5.70-7.40, 
which was sufficient quality for RNA Seq analysis.  
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2.10.2 Library Preparation and RNA Seq 
The RNA sample was sent to the Next Generation Sequencing Facility at the 
Hawkesbury Institute for the Environment at the Western Sydney University for RNA 
Seq library construction and sequencing. Ribosomal RNA was removed before 
construction of strand-specific RNA library using Illumina TruSeq RNA Sample 
Preparation kit version 2. About 100 million paired-end read was obtained from 
sequencing the library on a HiSeq 2000 sequencer for each of the samples submitted.  
Data was obtained for five control samples and six heat-stressed samples.  
2.10.3 RNA Seq Data analysis 
The quality of the RNA Seq data was checked using the FASTQC program 
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were quality 
trimmed and adapter sequences were removed using Trimmomatic (Bolger et al., 2014) 
with the following setting: LEADING:10 TRAILING:10 SLIDINGWINDOW:4:15 
MINLEN:50 (and the rest of the settings are default). This setting means the first and 
the last 10 bases are cut off if their quality score is below the threshold; the average 
score of a sliding window size of 4 bases is calculated and the read trimmed if the 
average score falls below 15; read is discarded if read length is below 50. The quality 
trimmed reads were mapped to the genome of Setaria italica (v2.1) (downloaded from: 
http://plants.ensembl.org/) using TopHat2 with the default setting allowing 2 
mismatches (Kim et al., 2013). The alignments were counted to exons using HT-Seq 
with mode set to union (Anders et al., 2015). The read count data was analysed in 
DESEQ for differential expression analysis (Anders and Huber, 2010) following the 
steps below. The count data was first normalized against the library size.  The 
Chapter 2 Materials and Methods 
 
 
 
52 
dispersion value of the count data was estimated and the data was variance stabilized. 
The dispersion value for each gene is plotted in Figure 2.1. A hierarchical clustering of 
the samples was performed and shown in Figure 2.2. Differential expression analysis 
was performed and fold-changes (heat-stress over control) was calculated and log2 
transformed. The mean of normalized counts vs log2 fold changes was plotted in 
Figure 2.3. A histogram of the distribution of the p-values was shown in Figure 2.4. 
Multiple testing correction was performed by the Benjamini-Hochberg procedure and 
FDR set to 5%. 
Annotation file for Setaria italica genome was downloaded from Phytozome 
(https://phytozome.jgi.doe.gov/pz/portal.html#). The file contains the orthologous gene 
information for each Setaria gene, orthologous gene from Arabidopsis, Rice and Maize 
was assigned to each Setaria gene. GO terms were assigned to each gene using the 
rice GO annotation, and the genes were further annotated with Mapman mappings 
(http://mapman.gabipd.org/mapmanstore). The fully annotated transcriptomics dataset 
can be found in Supplemental file 1. Genes with “mean of normalised count” of less 
than 20 reads are discarded during analysis as they were not considered to be 
“expressed”. 
2.11 Proteomics analysis 
2.11.1 Protein extraction and quantification 
Total leaf protein was extracted using the TCA/acetone method (Damerval et 
al., 1986). Homogenized leaf tissue (~300 mg from each sample) from the heat stress 
experiment (same sample used for RNA extraction) was extracted with 1 mL of cold 
precipitation buffer (10% w/v trichloroacetic acid, 0.07% v/v 2-mercaptoethanol in 
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acetone, pre-chilled at -20 °C overnight). The mixture was incubated at -20 °C for at 
least 2 hours (or overnight). The homogenate was centrifuged at 19,000 x g for 15 min 
at 4 °C and the supernatant was discarded using a pipette. The pellet was washed 
three times with ice-cold acetone (with 0.07% 2-mercaptoethanol) to remove 
chlorophyll, and the pellet was dried under nitrogen gas. The pellet containing protein 
was resuspended in solubilization buffer (8 M urea, 2% w/v CHAPS, 30 mM Tris-HCl 
pH 7.8, use approximately 60 µL per milligram of protein) with the help of a sonicator 
water bath. The mixture was centrifuged at 14,000 x g to remove insoluble debris, and 
the supernatant containing protein was collected. 
The extracted protein solution was quantified using the 2-D Quant Kit (GE 
Healthcare) following the manufacturer’s instruction. Working colour reagent was 
prepared by mixing 100 parts of colour reagent A with 1 part of colour reagent B. A 
dilution series of BSA standard was made by diluting 2 mg/mL BSA for use as standard 
curve. Dilute protein samples 1:10 and then add 10 µL of the diluted protein to each 
tube. 500 µL of precipitant was added to each tube including the tubes containing 
standard curve. The tubes were vortexed briefly and incubated at room temperature 
for 2-3 min. 500 µL of co-precipitant was added, mixed briefly by vortexing. The tubes 
were centrifuged at 24,000 x g for 5 min and taken out immediately to decant the 
supernatant. The tubes were put back into the centrifuge and centrifuged briefly to 
bring down the solution. The remaining supernatant was removed quickly with a pipette. 
100 µL of copper solution and 400 µL of milliQ water was added to each tube and the 
tubes were vortexted briefly to dissolved the precipitated protein. 1 mL of working 
colour reagent was added to each tube and mixed immediately by inverting the tubes. 
The tubes were incubated at room temperature for 15-20 min. 300 µL of solution from 
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each tube was pipetted into a well of a 96-well flat-bottom plate and the absorbance 
was read at 480 nM. Without subtracting background value, a standard curve was 
plotted and a straight line fitted for use to determine concentration of protein in the 
samples.  
2.11.2 Reduction, alkylation and digestion 
For the extracted protein to linearize and loose its secondary structure, the 
disulfide bonds (-S-S-) in the protein need to be reduced, and the exposed –SH group 
is alkylated to prevent re-formation of disulfide bond.  
Volume of each protein sample was determined for 2 mg of protein and this 
volume was taken out into a new tube. Solubilization buffer was added to each tube to 
make up to a total volume of 995 µL. Fresh DTT (1 M) was made by dissolving a small 
amount of powder in 50 mM ammonium bicarbonate (NH4CO3), and 5 µL of 1 M DTT 
was added to each tube of protein solution. The solution was incubated at 37 °C for 1 
hour for complete reduction. During the incubation, suitable amount of iodoacetamide 
(Pieterse et al.) powder was measured out into a new tube so that when the protein 
solution is added to the IAA, the final concentration of IAA was 40 mM. The reduced 
protein solution was added to the tubes containing the IAA powder, and incubated in 
the dark for 2 hours at room temperature. An additional 5 µL of 1 M DTT was added to 
the tubes to stop the alkylation, the tubes were incubated at room temperature for 15 
min. For protein digestion, the proteinase enzyme Lys-C (Pierce Ô Lys-C, MS grade) 
was added at a 1 : 100 enzyme : protein (w/w) ratio, and incubated at 37 °C for 4 hours. 
The samples were diluted 1:8 with 50 mM NH4CO3 to reduce the urea concentration to 
1 M. CaCl2 was also added to each sample to a final concentration of 1 mM. The 
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proteinase enzyme Trypsin (Pierce Ô Trypsin, MS grade) was added to the tubes at 
an enzyme : protein ratio (w/w) of 1 : 30, and incubated in a 37 °C water bath overnight. 
The samples were cooled on ice, and the digestion was stopped by adding 
trifluoroacetic acid (TFA) to 1% v/v. The tubes were centrifuged at 2,500 x g for 10 min 
at room temperature, and the supernatant was collected. The volume was reduced by 
drying the samples in a SpeedyVac and stored at -20 °C for further processing.  
2.11.3 Stable isotope dimethyl labelling 
The digested peptide solution was completely dried to remove the remaining NH4CO3. 
The dried peptide samples were reconstituted in 1 mL of 5% formic acid. The 
reconstituted peptides were labelled following the on-column stable isotope dimethyl 
labelling protocol (Boersema et al., 2009). This labelling method introduces a dimethyl 
group on all primary amine groups (the N terminus and the side chain of lysine 
residues). Multiplexing of samples can be achieved by using isotopomers of labelling 
reagents (formaldehyde and sodium cyanoborohydride) so that a different mass is 
added to the primary amine groups in samples from different treatment conditions. See 
table below for the combination of isotopomers used and mass increase per label: 
 Label Light Intermediate Heavy 
Mass increase per 
label +28.0313 Da +32.0564 Da +36.0757 Da 
Formaldehyde 
isotope 
CH2O CD2O 
13
CD2O 
Cyanoborohydride 
isotope 
NaBH3CN NaBH3CN NaBD3CN 
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The labeling reagent was prepared by combining 4.5 mL of sodium phosphate 
buffer pH 7.5 (prepared by mixing 1 ml of 50 mM NaH2PO4 with 3.5 mL of 50 mM 
Na2HPO4) with 250 µL of 4% (v/v) formaldehyde in water (CH2O or CD2O) and 250 µL 
of 0.6 M sodium cyanoborohydride in water (NaBH2CN or NaBD3CN). For the heat 
stress experiment in this thesis, the light label was introduced to the peptide samples 
from the control plants, and the intermediate label was introduced to the peptide 
samples from the heat-stressed plants. Sep-Pak C18 cartridges (Waters) were 
engaged onto a vaccum extraction manifold (Waters). Each cartridge was washed with 
2 mL of acetonitrile, and conditioned with 2 mL of reverse-phase solvent A (0.6% (v/v) 
acetic acid). Peptide samples (500 µg equiv.) were loaded onto each cartridge, and 
the cartridge was washed with 2 mL of reverse-phase solvent A. The labelling reagent 
was added to the cartridges, 1 mL at a time for a total of 5 mL for each sample, and 
was allowed to flow through the cartridges slowly. The cartridges were again washed 
with 2 mL of reverse-phase solvent A, and the labelled peptide sample was eluted with 
500 µL of reverse-phase solvent B (0.6% (v/v) acetic acid and 80% (v/v) acetonitrile) 
and collected into a Lo-bind protein tube.  
2.11.4 Mass spectrometry 
The peptide samples were dried in a SpeedVac and submitted to the Sydney 
Mass Spectrometry facility (The Charles Perkins Centre, The University of Sydney) for 
untargeted mass spectrometry analysis. Reconstituted peptide (1 µL) was injected into 
a an in-house built fritless nano 75 μm × 30 cm column packed with ReproSil Pur 120 
C18 stationary phase (1.9 μm, Dr, Maisch GmbH, Germany) fitted on a Thermo 
Scientific Ultimate 3000 HPLC and auto-sampler system for separation, before 
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introduced into a Q Exactive Plus mass spectrometer (Thermo Fisher Scientific, 
Waltham, MA, USA). The mobile phase for the HPLC C18 column was comprised of 
buffer A: 0.1% (v/v) formic acid and buffer B: 80% (v/v) acetonitrile/0.1% (v/v) formic 
acid. Peptides were eluted using a linear gradient of 5% B to 40% B over 60 mins and 
then 95% B wash over 1 min at a flow rate of 250 nL/min. The eluted peptide fractions 
were directed for MS through a nano-electrospray interface, and charged species were 
captured and the Orbitrap mass analyser was used to acquire full MS with m/z range 
of 350-1550. The 20 highest peaks were fragmented by applying C-trap dissociation 
collision and tandem MS were generated. The mass spectrometry acquisition time was 
60 min in total for each sample. 
2.11.5 Proteomics data analysis 
The generated “.raw” files containing acquired data was analysed using the 
freely available proteomics software MaxQuant (version 1.5.2.8) (Cox and Mann, 2008, 
Tyanova et al., 2016a). The Setaria italica protein sequence v2.1 (Bennetzen et al., 
2012) (downloaded from: http://plants.ensembl.org/) was used for library searching of 
the peptides. Peptide modifications selected include DiMethy Lys0/ DiMethy N-term0 
(for light labelled peptides), DiMethy Lys4/ DiMethy N-term4 (for intermediate labelled 
peptides), and the level of multiplicity is 2, to achieve quantitation. The mass error 
tolerance for the main peptide search was 10 ppm. Other search parameters are kept 
default as recommended in Tyanova et. al. 2016. About 1800 protein groups with 
quantitative information (the ratio between intermediate and light labelled peptides) 
was obtained and further analysed in the Perseus software (Tyanova et al., 2016b). 
Mainly, the protein ratio of log2 transformed, statistical testing was performed using 
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Student’s T-test with a FDR of 0.1. Additionally, when a protein group was only 
detected in less than 3 out of the 5 samples submitted, the ratio was determined as 
insignificant and not used.  
2.12 Metabolomic analysis 
2.12.1 Metabolite extraction 
About 100 mg of frozen tissue samples (previously ground with motar and pestle) 
for extraction was weighed out into pre-frozen 2 mL Eppendorf tube containing a steel 
ball bearing without thawing. An accurate weight was recorded for each sample for use 
later in data normalization. The tissues were further homogenized in a TissueLyser II 
bead mill (Qiagen; Cat. No. 85300) for 1 min at 20 Hz without thawing out. Then, to 
each tube containing frozen tissue powder was added 5 volumes (5 μL per mg fresh 
weight of tissue) of cold (-20°C) Metabolite Extraction Medium (85% (v/v) HPLC grade 
MeOH (Sigma), 15% (v/v) untreated MilliQ H2O, 100 ng μL−1 ribitol as internal standart), 
tubes were vortexed briefly, rapidly transferred to an Eppendorf Thermomixer Comfort 
(Eppendorf; Cat. No. 5355 000.011) and heated to 65°C and shaken at 1400 RPM for 
15 min. Tubes were then centrifuged at 20,000 x g for 10 min to pellet insoluble material 
and 80% of the supernatant was transferred into a new clear 2 mL round-bottom 
polypropylene Eppendorf tube and stored as a stock extract at -80°C until further 
analysis. 
2.12.2 Metabolite derivatisation for GC/MS analysis  
From each metabolite extract, 15 µL was aliquoted into a glass vial insert and 
dried on a SpeedyVac. Dried metabolite extracts were chemically derivatized by 
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methoximation and trimethylsilylation on a Gerstel MPS2XL Multipurpose Sampler 
(Gerstel) operating in the PrepAhead mode for automated online derivatization and 
sample injection. The derivatization procedure consisted of the following steps: (1) 
addition of 10 μL of 20 mg ml−1 methoxyamine hydrochloride (Supelco, Cat. # 33045-
U) in anhydrous derivatization-grade pyridine (Sigma-Aldrich, Cat. # 270970) and 
incubation at 37°C for 90 min with agitation at 750 RPM; (2) addition of 15 µL of 
derivatization grade N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA; Sigma-
Aldrich; Cat. No. 394866) and incubation at 37°C for 30 min with agitation at 750 RPM; 
3) addition of 5 μL of alkane mix [0.029% (v/v) n-dodecane, 0.029% (v/v) n-
pentadecane, 0.029% (w/v) n-non-adecane, 0.029% (w/v) n-docosane, 0.029% (w/v) 
n-octacosane, 0.029% (w/v) n-dotriacontane, and 0.029% (w/v) n-hexatriacontane 
dissolved in anhydrous pyridine] and incubation for 1 min at 37°C with agitation at 750 
RPM. Samples were injected into the GC/MS instrument immediately after 
derivatization. 
2.12.3 GC/MS instrumental analysis 
 Derivatized metabolite samples were analysed on an Agilent 5975C GC/MSD 
system comprised of an Agilent GC 7890N gas chromatograph (Agilent Technologies, 
Palo Alto, CA, USA) and 5975C Inert MSD quadrupole MS detector (Agilent 
Technologies, Palo Alto, CA, USA). The GC was fitted with a 0.25 mm ID, 0.25 μm film 
thickness, 30 m Varian FactorFour VF-5 ms capillary column with 10 m integrated 
guard column (Varian, Inc., Palo Alto, CA, USA; Product No. CP9013). Samples were 
injected into the split/splitless injector operating in splitless mode with an injection 
volume of 1 μL, an initial septum purge flow of 3 mL min−1 increasing to 20 mL min−1 
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after 1 min and a constant inlet temperature of 230°C. Helium carrier gas flow rate was 
held constant at 1 mL min−1. The GC column oven was held at the initial temperature 
of 70°C for 1 min before being increased to 325°C at 15°C min−1 before being held at 
325°C for 3 min. Total run time was 21 min. Transfer line temperature was 250°C. MS 
source temperature was 250°C. Quadrupole temperature was 150°C. Electron Impact 
ionization energy was 70 eV and the MS detector was operated in full scan mode in 
the range of 40–600 m/z with a scan rate of 3.6 Hz. The MSD was pre-tuned against 
perfluorotributylamine (PFTBA) mass calibrant using the “atune.u” autotune method 
provided with Agilent GC/MSD Productivity ChemStation Software (Revision 
E.02.01.1177; Agilent Technologies, Palo Alto, CA, USA; Product No. G1701EA). 
2.12.4 GC/MS data processing 
All GC/MS data were processed using the online MetabolomeExpress data 
processing pipeline4 (Carroll et al., 2010). Raw GC/MS files were exported to NetCDF 
format using Agilent MSD ChemStation software (Revision E.02.01.1177; Agilent 
Technologies, Palo Alto, CA, USA; Product No. G1701EA) and NetCDF files were 
uploaded to the ANU_von Caemmerer lab MetabolomeExpress data repository. Peak 
detection settings were: Slope threshold = 200; Min Peak Area = 1000; Min. Peak 
Height = 500; Min. Peak Purity Factor = 2; Min. Peak Width (Scans) = 5; Extract 
Peaks = on. Peaks were identified by MSRI library matching which used retention index 
and mass-spectral similarity as identification criteria. MSRI library matching 
parameters were as follows: RI Window = ± 2 RI Units; MST Centroid Distance = ± 1 RI 
Unit; Min. Peak Area (for peak import): 5000; MS Qualifier Ion Ratio Error 
Tolerance = 30%; Min. Number of Correct Ratio Qualifier Ions = 2; Max. Average MS 
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Ratio Error = 70%; Remove qualifier ion not time-correlated with quantifier ion = OFF; 
Primary MSRI Library = “Carroll_2014_Arabidopsis_Photorespiration_Mutants.MSRI”; 
Add Unidentified Peaks to Custom MSRI Library = OFF; Use RI calibration file specified 
in metadata file = ON; Carry out per-sample fine RI calibration using internal RI 
standards = OFF. The Carroll_2014_Arabidopsis_Photorespiration_Mutants.MSRI 
primary library contains entries derived manually from analyses of authentic metabolite 
standards run under the same GC/MS conditions as the biological samples as well as 
entries for unidentified peaks that were automatically generated by 
MetabolomeExpress while processing the data from the reference photorespiration 
mutants. 
Library matching results were then used to construct a metabolite x sample data 
matrix with peak areas being normalized to internal standard (i.e., ribitol). As a quality 
control filter, samples were checked for the presence of a strong ribitol peak with a 
peak area of at least 1 × 105 and a deviation from the median internal standard peak 
area (for that GC/MS batch sequence) of less than 70% of the median value. Statistical 
normalization to tissue mass was not required because chemical normalization to 
tissue mass had already been carried out by adjusting extraction solvent volume 
proportionally to tissue mass. The heat Vs. control signal intensity ratio of each 
metabolite was calculated by dividing the mean (normalized) signal intensity of each 
metabolite in the heat-stressed plants by its mean (normalized) signal intensity in the 
control plants. Statistical significances were calculated by two-tailed Welch’s t-tests 
(n = 5) in the MetabolomeExpress Comparative Statistics tool. The full dataset has 
been uploaded to the MetabolomeExpress Database and is publicly accessible upon 
publication of this thesis. 
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2.13 Hormone analysis using UPLC-Orbitrap 
Hormone analysis was done by Dr. Thy Truong at the ANU Joint Mass 
Spectrometry Facility as an in-house service. Samples from five biological replicates 
for the control and five biological replicates for the heat-stressed plants were 
analysed. The frozen tissue samples (~ 100 mg weighed into a tube with fresh weight 
recorded) were homogenized in a TissueLyser II bead mill (Qiagen; Cat. No. 85300) 
for 1 min at 20 Hz without thawing out. 
For auxin extraction (Ng et al., 2015), 20 μL of the internal standard (1 µg/mL 
of 3-[2H5]indolylacetic acid) followed by 1 mL extraction solvent (20% methanol:79% 
propanol:1% glacial acetic acid) were added to each tube, and the tubes were 
incubated in a sonicator bath for 15 min at 4°C. Samples were then centrifuged at 
16,100g for 15 min. The supernatant was transferred to a fresh tube and dried in a 
SpeedVac centrifuge. Extraction was repeated and the supernatant combined with 
the first batch and dried again. Dried samples were resuspended in methanol/water 
(60:40, v/v) and filtered with a Nanosep MF GHP (hydrophilic polypropylene) 0.45-µm 
filter (Pall Life Sciences) prior to injection. 
For extraction of ABA, JA and SA (Xu et al., 2016, Miyazaki et al., 2014), 
20 µL of the internal standards ([2H6]ABA or 1 µg mL–1 dihydrojasmonic acid and 2-
hydroxybenzoic acid) followed by 950 µL of extraction solvent (70 : 30, 
acetone : 50 mM citric acid) was added to each tube of frozen leaf powder. Tubes 
were placed on a shaker at 4°C in the dark for 5 h, and then the tubes were left 
uncapped in a fume hood to allow the acetone layer to evaporate overnight. The 
ABA, JA and SA in the remaining aqueous phase were extracted by partitioning three 
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times with 500 µL of diethyl ether. The ether phase was collected in a 2 mL glass vial 
(Kinesis Australia Pty, Redland Bay, Qld) and evaporated using a SpeedVac until 
dry. Dried samples were resuspended in 60% methanol (50 µL) and filtered with a 
Nanosep MF GHP (hydrophilic polypropylene) 0.45-µm filter (Pall Life Sciences) prior 
to injection. 
Samples and standards (5 μL) were injected onto an Agilent Zorbax Eclipse 
1.8 μm XDB-C18 2.1 × 50 mm column. For ABA, SA and JA, the column temperature 
was held constant at 45 ± 0.5 °C. Solvent A consisted of 0.1% aqueous formic acid, 
and solvent B consisted of methanol with 0.1% formic acid. JA, SA and ABA were 
eluted with a linear gradient from 10% to 50% solvent B over 8 min, 50% to 70% 
solvent B from 8 min to 12 min (then held at 70% from 12 min to 20 min) at a flow 
rate of 200 μL/min. For auxins, the column temperature was 35 ± 0.5 °C and the 
linear gradient was the same as above using solvent A consisted of 0.1% aqueous 
formic acid and solvent B of 90% methanol/water with 0.1% formic acid. Solvents 
were LC-MS grade from Fisher Chemical. The eluted phytohormones from the 
column were introduced into the mass spectrometer via a heated electrospray 
ionsiation (HESI-II) probe and analysed using the Q-Exactive Plus Orbitrap (Thermo 
Scientific, Waltham, MA, USA). The HESI was operated in the negative ion polarity 
for JA, SA and ABA with parameters as follow: the electrospray voltage was 2.5kV, 
and the ion transfer tube temperature was 250 °C. The vaporize temperature and the 
S-lens RF level were 300 °C and 50 V, respectively. Ultra-high purity nitrogen as 
used as the sheath gas, auxiliary gas and sweep gas at flows of 45 L/min, 10 L/min 
and 2 L/min, respectively. For auxins, the HESI was operated in the positive ion 
polarity and the electrospray voltage was set to 3.5kV. Positive or negative ion 
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polarity tandem mass spectrometry was carried out using targeted parallel reaction 
monitoring (PRM) with a mass resolution of 17,500 at 1.0 microscan. Table 2.1 show 
the tandem mass spectrometry acquisition parameters used for SA, JA, ABA and 
auxins. The AGC (Automatic Gain Control) target value was set at 1.0E+05 counts, 
maximum accumulation time was 50 ms and the isolation window was set at m/z 4.0. 
Data were acquired and analysed using the Thermo Scientific Xcalibur 4.0 software. 
2.14 Gene Ontology (GO) enrichment analysis 
The list of gene IDs for significantly up- and down-regulated genes (padj < 0.05) 
in the heat-stressed plants were submitted to the agriGO website 
(bioinfo.cau.edu.cn/agriGO) for functional characterization using its singular 
enrichment analysis function. The Setaria italica v2.1 database was used to assign GO 
terms to genes. Only the list of expressed genes (mean RPKM > 20 in both of the 
conditions) was used as the reference background when considering enrichment. A 
GO category was considered significantly over-represented when the hypergeometric 
test p < 0.05, and a Benjamini-Yekutieli FDR < 0.1, and at least five entries mapped. 
The full listing of GO terms can be found in Table 6C (for up-regulated genes) and 
Table 6D (for down-regulated genes). To reduce the complexity of the GO dataset, the 
list of significant GO terms in the Biological process category was input into REViGO 
(Supek et al., 2011) to remove functional and semantic redundancies. Hierarchical 
clustering was further performed with the refined list of GO in REViGO using the default 
setting.  
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2.15 Global analysis of hormone-regulated genes 
The transcriptional responses of hormone-regulated genes in the heat-
stressed Setaria plants were compared to the hormone-associated responses in 
Arabidopsis. The Arabidopsis hormone treatment datasets were kindly curated and 
provided by Dr Michael Groszmann, which he obtained from the AtGenExpress 
database (atpbsmd.yokohama-cu.ac.jp/AtGenExpressJPN/AtGenExpress.html). This 
data consists of microarray-based gene expression responses to exogenous 
treatment by various hormones in Arabidopsis seedlings. The method of analysis 
was adopted from Groszmann et al. (2015) with variations to address species 
differences. To perform the comparison between Setaria and Arabidopsis, the list of 
expressed (RPKM >20) Setaria gene IDs were converted to Arabidopsis gene IDs by 
identifying the closest related orthologue. This was done using the S.italica genome 
annotation file version 2.1 from Phytozome 
(https://phytozome.jgi.doe.gov/pz/portal.html). The list of orthologous Arabidopsis 
gene IDs was mapped to the list of expressed genes from the Arabidospsis hormone 
treatment microarray dataset to identify a common list of genes expressed in both 
experiment (Arabidopsis hormone and Setaria heat), forming the “working set”. For 
analysis of each hormone response, the list of up-regulated (stimulated) and down-
regulated (repressed) genes in response to a particular hormone treatment was 
analysed separately. Count data was obtained for hormone-stimulated genes that 
were also up-regulated in the heat experiment, and for hormone-stimulated genes 
that were down-regulated experiment, under the condition that the genes exist in the 
“working set”, so that only genes expressed in both experimental conditions were 
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compared. Similarly, count data was obtained for hormone-repressed genes by 
comparing to up-regulated and down-regulated gene lists from the heat experiment. 
To avoid the situation where multiple Setaria genes can be mapped to the same 
Arabidopsis ID, thereby inflating the count due to gene duplication, redundancy in 
Arabidopsis ID in the up- and down-regulated gene list from the heat experiment was 
removed, so that each Arabidopsis gene was only compared once in each scenario. 
The count data formed the basis of contingency tables for carrying out Fisher’s exact 
test, to identify overrepresentation of hormone-regulated genes in the Setaria heat-
stress treatment (p<0.01 was considered significant). An example of the analysis was 
shown in Table 6.3. 
 
 
 
 
 
 
Chapter 2 Materials and Methods 
 
 
 
67 
 
 
Figure 2.1 Estimated dispersion value for each gene (black dot) and the fitted value 
(red line) plotted against mean normalized counts. The dispersion value is the square 
of the coefficient of biological variation.  
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Figure 2.2 Hierarchical clustering of the heat-stressed and control transcriptome 
dataset showing that heat-stressed samples cluster into a separate cluster from the 
control samples.  
 
 
 
Figure 2.3 The log2 fold changes plotted against the mean of normalized. Dots 
coloured in red are genes that are significantly changed at a FDR value of 5%. 
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Figure 2.4 A histogram of the distribution of the p-values. 
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Table 2.1 Tandem mass spectrometry acquisition parameters for SA, JA, ABA and 
auxins. 
 
Analyte MF MW 
(g/mol) 
Precursor ion [M-
H]-, m/z 
Product 
ion, m/z 
Collion 
Energy (eV) 
tR 
(min) 
Jasmonic acid C12H18O
3 
210.27 209.1179 59.0136 30 13.15
0 
Dihydrojamoni
c acid 
C12H20O
3 
212.28 211.1337 59.0136 30 14.41
1 
Salicylic acid C7H6O3 138.12 137.0243 93.0345 50 9.228 
D4-Salicylic 
acid 
C7H2D4
O3 
142.09 141.0495 97.0596 50 9.113 
Abscisic acid C15H20O
4 
264.32 263.1291 219.1386 23 11.91
0 
D6-Abscisic 
acid 
C15H14D
6O4 
270.35 269.1665 225.1763 23 11.87
1 
Analyte MF MW 
(g/mol) 
Precursor ion 
[M+H]+, m/z 
Product 
ion, m/z 
Collion 
Energy (eV) 
tR 
(min) 
D5-IAA C10H4D5
NO2 
180.21 181.102 134.0901 15 10.57
6 
IAA-Asp C14H14N
2O5 
290.28 291.0975 130.065 12 8.169 
IAA-Ala C13H14N
2O3 
246.27 247.1077 130.065 12 9.931 
PAA C8H8O2 136.05 137.0597 91.0545 15 10.05
1 
IAA C10H9N
O2 
175.06 176.0706 130.065 13 10.70
9 
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3 Growth, physiology and photosynthesis in long-term heat 
stressed Setaria viridis 
 
Highlights: 
• Treatment of 42 °C for two weeks significantly reduced the growth and 
biomass accumulation of Setaria viridis plants, with no change in the layout of 
the Kranz anatomy in the leaves, but reduced cell size.  
• Photosynthesis acclimated to the new high growth temperature with 
establishment of a higher Topt. 
• Genes encoding for proteins involved in the C4 cycle, the chloroplast electron 
transport chain and the CBB cycle were generally transcriptionally down-
regulated under heat stress, but no significant effects were observed in their 
protein levels. 
• Growth at high temperature also up-regulated photorespiration in the C4 plant, 
evident by the metabolic and gene expression changes.  
 
3.1  Introduction 
Plant growth responds strongly to the environment and throughout their life 
cycle plants face many adverse conditions such as cold, drought and heat. One of 
the biggest challenges that agriculture and our ecosystems face today is increasing 
temperatures due to global warming caused by greenhouse gas emission. When the 
temperature exceeds a certain threshold for an extended period of time, plants can 
suffer from heat stress that causes tissue damage and growth retardation. The 
Intergovernmental Panel on Climatic Change (IPCC) has predicted that global mean 
temperatures will rise 0.3 ºC per decade (Wahid, 2007). Global warming will have a 
significant and potentially detrimental effect on global agricultural production. 
Therefore, research to understand plant heat tolerance and heat stress response has 
become an imperative. 
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3.1.1 Impact of high temperature on C3 photosynthesis 
Heat can negatively impact plant growth through many mechanisms, one of 
the most important being its impact on primary metabolism such as photosynthesis 
and respiration. In C3 plants, photosynthesis can be limited at the biochemical level 
by (1) the capacity of Rubisco to carry out carboxylation reactions, (2) the ability to 
regenerate RuBP, and (3) the use of triose-phosphate for sucrose/starch synthesis 
and inorganic phosphate regeneration (von Caemmerer and Farquhar, 1981, von 
Caemmerer, 2000, Busch et al., 2018).  
The preference of Rubisco for CO2 relative to O2 is reduced at high 
temperature leading to a higher rate of photorespiration (Bowes et al., 1971, Laing et 
al., 1974, Sage et al., 2008). The photorespiratory product 2-phosphoglycolate (2-
PG) is toxic to the cell and the recycling of it requires energy and releases CO2 
(Peterhansel et al., 2010). Therefore, photorespiration is considered as a wasteful 
process from an energetic perspective, and its increase at high temperature reduces 
leaf photosynthetic efficiency (Walker et al., 2016). Some evidence also suggested 
that Rubisco activity can be affected at high temperature due to reduced capacity of 
Rubisco Activase (Papaleo et al.) to activate Rubisco (Kobza and Edwards, 1987, 
Portis, 2003, Salvucci and Crafts-Brandner, 2004a, Salvucci and Crafts-Brandner, 
2004b).   
Factors limiting RuBP regeneration include chloroplast electron transport rates 
and the capacity of the CBB cycle. At high temperatures above the thermal optimum, 
electron transport rate can decrease due to damage to Photosystem II (PS II) 
reaction centers (De Ronde et al., 2004, Yamane et al., 1998, De Las Rivas and 
Barber, 1997). In addition, activation of cyclic electron transport at elevated 
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temperatures is thought to lead to activation of non-photochemical quenching (NPQ) 
mechanisms that protect PS II from damage (Yamasaki et al., 2002, Sage and 
Kubien, 2007). This may reduce electron flow through PS II and linear electron 
transport capacity, therefore restricting the production of NADPH and ATP, which are 
required to drive the CBB cycle for RuBP regeneration. The impact of CBB cycle on 
plant photosynthesis during heat stress is poorly understood. In theory, damage to 
the CBB cycle enzymes by heat stress can reduce photosynthesis by limiting RuBP 
regeneration, since reduction in CBB cycle enzymes such as SBPase 
(sedoheptulose-1,7-bisphosphatase) by antisense have demonstrated significant 
control over photosynthetic rates at optimal temperatures (Harrison et al., 2001, Olcer 
et al., 2001, Raines, 2003). The thermal stability of CBB cycle enzymes has been 
shown to change with growth temperature, and heat deactivation of enzymes was not 
observed in some heat-tolerant plants grown at high temperature (Badger et al., 
1982). This could be due to activation of chaperone proteins at high growth 
temperature that may act to protect the activities of enzymes. 
3.1.2 Impact of high temperature on C4 photosynthesis 
Due to the higher complexity of the C4 biochemical pathway, factors that may 
limit C4 photosynthesis also include CA activity, PEPC activity, and PEP regeneration 
capacity by PPDK, in addition to the limitations imposed by Rubisco, RuBP 
regeneration and Pi regeneration (von Caemmerer and Furbank, 1999, von 
Caemmerer, 2000).  
The mechanisms by which high temperatures affects C4 photosynthesis is not 
very clear. Rates of photosynthesis at low internal CO2 concentrations (Ci) are limited 
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by the activity of CA and PEPC (and CO2 diffusion limitations such as stomata 
conductance and mesophyll conductance) (von Caemmerer, 2000, Osborn et al., 
2017). But the photosynthetic rates at low Ci were shown to be quite insensitive to 
temperature, suggesting that limitations by CA or PEPC at high temperatures are 
unlikely at atmospheric CO2 concentration (Laisk and Edwards, 1997). Since Rubisco 
in C4 plants is enclosed in the gas-tight bundle sheath (BS) cells where CO2 partial 
pressure is much higher than in the chloroplasts of C3 plants (von Caemmerer and 
Furbank, 2003), C4 photosynthesis does not suffer from the large impact of increased 
photorespiration at elevated temperatures as C3 plants do. Because Rubisco activity 
increases with rising temperature up to the thermal optimum, and together with the fact 
that CO2 concentration is likely to be near saturation in the BS cells (Furbank and Hatch, 
1987), it is unlikely that Rubisco capacity would limit photosynthesis at warm 
temperatures (Sage, 2002, Yamori et al., 2014, Sharwood et al., 2016). However, at 
temperatures above the Rubisco thermal optimum, Rubisco activity can decrease due 
to impairment of RCA activity (Crafts-Brandner and Salvucci, 2002a, Salvucci and 
Crafts-Brandner, 2004b).  It is still debatable whether reduced RCA activity would be 
the leading cause of limitation for photosynthesis in C4 plants at supra-optimal 
temperatures. Studies using transgenic Flaveria bidentis with reduced amount of RCA 
showed that the amount of RCA did not limit C4 photosynthesis under various 
temperatures (Hendrickson et al., 2008a). Dwyer et al. (2007) suggested that the 
deactivation of Rubisco in C4 plants at high temperatures was a response to limitations 
elsewhere, such as electron transport capacity, in order to match Rubisco activity with 
the capacity of RuBP regeneration (Dwyer et al., 2007). Thus, PEP regeneration and 
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electron transport capacity have a potential role for limiting C4 photosynthesis at high 
temperatures. 
3.1.3 Thermal acclimation of C4 photosynthesis 
In some species, thermal acclimation of photosynthesis occurs as an 
adaptation to higher growth temperature. Way and Yamori (2014) suggest that 
thermal acclimation of photosynthesis provides an adaptive strategy for constructive 
adjustment, which benefits plant survival in the new growth environment, and it 
should include both an adjustment (increase) in thermal optimum (Topt) and 
maintaining or increasing photosynthetic rate Agrowth at the higher growth temperature 
(Way and Yamori, 2014).  
The mechanisms for acclimation of C4 photosynthesis to high temperature 
have not been well defined. It is generally observed, among many species, that 
mesophyll conductance increases with temperature (von Caemmerer, 2015, (Ubierna 
et al., 2016). This may compensate reduction in activity of CA and PEPC at high 
temperatures (Ubierna et al., 2016). It has been shown that a novel form of RCA was 
induced under high temperature in maize, which was thought to be more thermal 
stable (Crafts-Brandner, 2002). This RCA isoform may serve to lift limitations 
imposed by Rubisco deactivation at high temperatures. Another important 
acclimation strategy that targets Rubisco capacity could involve changes in Rubisco 
content. However, it has been generally observed that Rubisco content was higher in 
C4 plants grown at cooler temperatures than higher temperatures (Pearcy, 1977, 
Dwyer et al., 2007). To address the limitation of RuBP regeneration, which may be 
imposed by reduced electron transport or CBB cycle capacity at high temperatures, 
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the thermal stability of PS II (Hikosaka et al., 2006), and CBB cycle enzymes (Badger 
et al., 1982) have been demonstrated to change with growth temperature. 
Furthermore, since M cells and BS cells of C4 plants show distinct distributions of 
linear and cyclic electron transport machineries (Nakajima Munekage, 2016), it is 
unclear whether electron transport capacity in particular cell types becomes limiting 
at high temperatures, and whether acclimation responses involve the re-distribution 
of electron transport machinery.  
3.1.4 Photorespiration in C4 plants 
The C4 cycle effectively concentrates CO2 at the site of Rubisco in the BS 
cells, therefore minimizing the energy consuming reactions of photorespiration. 
However, a small flux through photorespiration still remains in C4 plants such as Zea 
mays and Amaranthus edulis (Gonzalez-Moro et al., 2003, Lacuesta et al., 1997). 
This has been demonstrated by the oxygen sensitivity of C4 photosynthesis in a 
number of C4 species belonging to different biochemical subtypes (Maroco, 1997), 
and the requirement for high glycolate oxidase (GOX) activity for the survival of 
maize seedlings in normal air (Zelitch, 2009). The capacity of photorespiration in C4 
was found to be correlated with the degree of grana development inside the BS 
chloroplasts (Yoshimura, 2004), which in turn correlates with the amount and activity 
of the oxygen evolving complex of PSII. It is well known that in C3 plants, 
photorespiration increases at high temperature due to changes in Rubisco specificity 
for CO2 and O2. However, it has been estimated that photorespiration remains low in 
C4 plants even under adverse environmental conditions such as drought, accounting 
for approximately 3-7% of the rate of CO2 assimilation (Lacuesta et al., 1997, 
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Gonzalez-Moro et al., 2003, Ghannoum, 2009a, Carmo-Silva et al., 2008). Despite 
the little effect photorespiration might have on the overall CO2 assimilation rate in C4 
plants, photorespiration is intimately connected with plant nitrogen metabolism 
(Bauwe et al., 2010). The photorespiratory pathway uses glutamate to transaminate 
glyoxylate to produce glycine; ammonium (NH4+) is released during glycine 
decarboxylation, and later re-fixed by the photorespiratory nitrogen cycle (Figure 3.7). 
This photorespiratory ammonia cycle constitutes a significant ammonium flux in plant 
leaf, and the re-fixation by the GS-GOGAT cycle is in common with plant de novo 
nitrogen assimilation (Rachmilevitch et al., 2004). Therefore, an increase in 
photorespiration under high temperatures, even if it is slight in C4 plants, could have 
a significant impact on C4 plant nitrogen metabolism (see Chapter 5 for more 
information). 
3.1.5 The use of on-line carbon isotope discrimination measurements to study C4 
photosynthesis 
Plants discriminate against the naturally occurring, less abundant stable isotope 
of carbon, 13C, during CO2 assimilation. During C3 photosynthesis, the carbon 
discrimination is primarily via the biochemical reaction catalyzed by Rubisco, and CO2 
diffusion through the air and liquid phase (Farquhar et al., 1982). Rubisco in plants has 
a discrimination factor (D) of around 29-30 per mil (0/00), and CO2 diffusion through the 
air and liquid phase has a discrimination factor of 4.4 0/00 and 1.8 0/00, respectively. 
These processes result in the depletion of 13CO2 in plant dry material relative to the air. 
The average carbon isotope discrimination (d) in C3 species is around ~22 0/00 (von 
Caemmerer et al., 2014).  
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Factors contributing to carbon isotope discrimination in C4 plants are more 
complicated due to the involvement of the biochemical CO2 pump. The initial steps of 
CO2 hydration to bicarbonate by CA and fixation by PEPC have a combined 
discrimination factor (d) of -5.7 0/00 at 25 ºC (Cousins et al., 2006a, Henderson et al., 
1992, Farquhar, 1983). Another important factor is bundle sheath leakiness (f), which 
is defined as the ratio of the rate of CO2 leaking out of the bundle sheath cells to PEPC 
carboxylation rate (Farquhar, 1983). Bundle sheath leakiness depends on the 
conductance of bundle sheath to CO2 and the relative rate of C4 acid decarboxylation 
and rate of Rubisco CO2 fixation (von Caemmerer and Furbank, 2003). It remains 
unclear what regulates bundle sheath conductance to CO2, while the roles of bundle 
sheath suberisation is still unclear (Henderson et al., 1992) (Mertz and Brutnell, 2014). 
Bundle sheath leakiness has been used as a useful indication for the relative flux and 
the coordination between the C4 and the C3 cycle during C4 photosynthesis 
(Henderson et al., 1992, von Caemmerer et al., 2014, Tazoe et al., 2008, Pengelly et 
al., 2010). 
The estimation of f can be achieved by using on-line carbon isotope 
discrimination measurements (see methods 2.2.5). A tunable diode laser, which is able 
to measure the carbon isotope composition of CO2, is coupled to a LI-COR gas 
exchange system, for the concurrent measurement of photosynthetic gas exchange 
and the ratio of 12C / 13C in the gas chamber CO2. To probe the effect of high 
temperature on the coordination between the C3 and C4 cycle, on-line carbon isotope 
discrimination under various temperatures in the control and heat-stressed plants was 
measured and their f was estimated in this chapter. 
Aims and strategies: 
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This chapter will explore the effect of high temperature on the growth of the C4 
model plant S.viridis, focusing on photosynthetic gas exchange and possible 
mechanisms for photosynthetic thermal adaptation. The effects of heat on C4 
photosynthesis and photorespiration will also be explored using a combination of 
transcriptomics, proteomics, and metabolomics approaches. 
 
 
3.2 Results 
3.2.1 High temperature significantly reduced growth of S.viridis and affected its leaf 
anatomy by reducing cell expansion 
S.viridis plants were sown in a 28 ºC day/22 ºC night growth chamber. Two 
weeks after sowing, when the seedlings were established, some plants were 
transferred into a 42 ºC day/32 ºC night growth chamber. Plants in both the control 
chamber and heat chamber were grown for another two weeks until the onset of 
flowering.  
3.2.1.1 Plant growth and biomass allocation 
Plant final biomass was assessed by harvesting at the final time point (4-week-
old) and drying both the shoots and roots for biomass determination. The heat 
treatment significantly reduced plant growth compared to the control (Figure 3.1A). 
This reduction in plant size was manifested as smaller leaf size and shorter (but thicker) 
roots, while the overall number of tillers did not change (Figure 3.1A). Both shoot and 
root biomass was reduced by more than 50% compared to the control plants (Figure 
3.1B). However, this reduction was proportional and there was no significant change 
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in the ratio of biomass allocated to the shoot or root relative to the total biomass (Figure 
3.1C). Plants grown in the heat chamber failed to produce pollen and thus failed to 
produced fertile seeds (results not shown).  
3.2.1.2 Leaf anatomy 
Leaf anatomy was investigated by light microscopy, by observing fresh leaf 
hand sections from the base, mid, and tip sections of fully expanded leaves (Figure 
3.2A). There was no visible difference in the arrangement of the Kranz anatomy 
between the control and heat stressed plants; there were 5 to 7 BS cells surrounding 
each minor vein, and 2 to 3 Mesophyll (M) cells between each minor vein. This is typical 
of Kranz anatomy in most C4 plants. The interveinal distances and leaf thickness were 
measured using ImageJ.  While leaf thickness remained unchanged (Figure 3.2B), 
interveinal distance was significantly reduced along the leaves of the heat-stressed 
plants (Figure 3.2C). As there was no change in the number of cells between the veins, 
this suggests that the reduced vein spacing is a result of smaller cells and reduced cell 
expansion. 
 
3.2.2 Photosynthesis effectively acclimated to high temperature in S.viridis grown 
under heat 
3.2.2.1 Photosynthesis at various CO2 concentrations at 25 ºC 
Despite the dramatic reduction in growth observed in the long-term heat-
stressed S. viridis plants, there was minimal impact on the photosynthetic capacity of 
flag leaves under heat stress. This is evident in the A/Ci curves (the response of CO2 
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assimilation rate to increasing CO2 concentration) shown in Figure 3.3. The A/Ci curves 
of flag leaves were very similar between the control and heat-stressed plants. The 
initial slopes of the A/Ci curves were calculated by fitting a linear regression line 
through the first five data points of each A/Ci curve, and were found to be insignificantly 
different between the control and heat-stressed plants (Figure 3.3). The CO2 -saturated 
parts of the A/Ci curves were also similar between the control and heat-stressed plants. 
3.2.2.2 Rubisco and PEPC activities 
To corroborate the gas-exchange derived data described above, the enzyme 
activities of Rubisco and PEPC were measured in vitro at 25 ºC.  The Rubisco activity 
after full activation by bicarbonate was 22.61 ± 1.74 (µmol CO2 m-2s-1 ) in the control 
plants, and 27.82 ± 1.00 (µmol CO2 m-2s-1 ) in the heat-stressed plants, however this 
difference was not significant (Table 3.2). It is important to note that this measured in 
vitro Rubisco activity was low compared to the Vcmax measured by gas-exchange 
(about 35 µmol CO2 m-2s-1). This could be due to incomplete extraction of Rubisco from 
the BS cells or loss of enzyme activity due to leaf storage at -80 ºC. Several attempts 
were made but higher in vitro Rubisco rates could not be achieved. Interestingly, the 
total PEPC activity in vitro showed a significant increase in the heat-stressed plants. 
The PEPC activity was measured to be 187.82 ± 6.96 (µmol CO2 m-2s-1 ) in the control 
plants, and 301.44 ± 10.11(µmol CO2 m-2s-1 ) in the heat-stressed plants, a ~1.6-fold 
increase (Table 3.1). As the in vitro enzyme assay measures fully activated enzyme 
activity, this increase in PEPC activity must be due to increase in the amount of total 
PEPC proteins, not due to its activation state.  
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3.2.2.3 Expression of PEPC isoforms 
The expression of three PEPC isoforms was examined by transcriptomics and 
proteomics. Transcript levels of PEPC2 (Si005789), which is the major isoform 
involved in the C4 pathway (John et al., 2014), were significantly reduced under heat 
(Table 3.3). Quantitative proteomics analysis showed that PEPC2 protein, along with 
isoforms of PEPC3, which could not be discriminated at the protein level due to high 
amino acid sequence similarity, collectively did not change significantly (Table 3.3). 
There was no significant change in the PEPC1 isoform Si000184m. Although another 
PEPC1 isoform Si028826m increased significantly at the transcript level, its protein 
was not detected in this study. So it was unclear what contributed to the overall 
increase in PEPC activity in the heat-stressed plants. 
3.2.2.4 High temperature acclimation of photosynthesis in the heat-stressed 
plants 
The effect of short-term change in temperature on flag leaf photosynthesis was 
investigated to address potential acclimation observed in heat-stressed S.viridis plants. 
Measurements were performed at an ambient CO2 concentration of 380 µbar and 
irradiance of 2000 µmol m-2 s-1. The CO2 assimilation rates were similar in the control 
and heat-stressed plants at temperatures ranging from 20 ºC to 45 ºC (Figure 3.4A). 
The photosynthetic rate at their respective growth temperature was 32.19 ± 3.50 µmol 
m-2 s-1 for the control plants at 28 ºC, and 30.09 ± 2.12 µmol m-2 s-1 for the heat-stressed 
plants at 42 ºC, which was not a statistically significant difference (Table 3.2). The 
temperature optimum for A (Topt) was derived by fitting a cubic curve through the 
temperature response of A for each plant. The average Topt for the control plants was 
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34.86 ± 0.70 ºC, whereas the average Topt for the heat-stressed plants was 37.25 ± 
0.44 ºC (Table 3.2). This increase in Topt in plants grown at 42 ºC indicated a small but 
significant thermal acclimation of photosynthesis. The Ci/Ca decreased in both 
treatment groups from 20 ºC to 35 ºC, then increased from 35 ºC to 45 ºC (Figure 3.4B). 
The leaf vapour pressure deficit (VpdL) increased (Figure 3.4D), and stomatal 
conductance (gs) also increased with increasing temperature in both the control and 
heat-stressed plants (Figure 3.4C). Statistical analysis using two-way ANOVA revealed 
that, while A, Ci / Ca and gs all responded significantly to short-term changes in 
measurement temperatures regardless of the temperature the plants were grown at, 
the responses of gs was also significantly impacted by the growth temperature (Table 
3.1), indicating that growth at high temperature has caused possible changes in 
stomatal behavior in the heat-stressed plants.   
3.2.2.5 Carbon isotope discrimination and bundle sheath leakiness at various 
temperatures 
To assess the coordination between the C3 and C4 cycle in the S.viridis in this 
experiment, carbon isotope discrimination (∆13C) was measured using a tunable diode 
laser coupled to the LI-6400XT in response to the various short-term changes in 
temperature as described above. And BS leakiness f was calculated using Equation 
(8) in Section 2.2.5. Neither short-term changes in measurement temperature, or 
growth temperature showed significant impact on ∆13C or f (Figure 3.4 E & F and Table 
3.1).  
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3.2.3 Heat stress led to transcriptional down-regulation of genes involved in the C4 
pathway 
3.2.3.1 C4 cycle enzymes and transporters 
To further investigate the effect of long-term heat stress on the functioning of 
the C4 cycle, the expression of genes involved in the C4 pathway was examined using 
both RNASeq and quantitative proteomics methods, coupled to metabolite 
measurements by GC-MS (see sections 2.2.10, 2.2.11, and 2.2.12 for detailed 
methods). Levels of gene expression and metabolites in leaves of the control and heat-
stressed plants are shown in the color-coded diagram in Figure 3.5. Numbers in the 
text box next to enzyme abbreviation represent the ratio between heat-stressed vs 
control plants in log2 scale. Although transcript levels of core C4 cycle enzymes (CA, 
PEPC, NADP-MDH, RBCL, RBCS, and PPDK) were significantly lower under heat 
stress, their corresponding protein levels were mostly not significantly reduced, with 
the exception of NADP-ME and RBCS (Figure 3.5). Similarly, the amount of transcripts 
encoding transporters for metabolites involved in the C4 pathway (OMT1, DIT1, DCT2, 
MEP3a&b, PPT, TPT (Weber, 2010; Schlüter, 2016)) were significantly lower. A 
significant reduction at the protein level was only observed for the dicarboxylate 
transporter DCT2, which transports malate into the BS chloroplast for decarboxylation 
(Weissmann et al., 2016). There was a significant buildup of malate in the leaves of 
heat-stressed plants although it is not clear in which cell type or subcellular 
compartmentation the malate is located.  
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3.2.3.2 Rubisco activase 
The expression of two RCA isoforms was detected in S. viridis. One isoform 
(Si026402m, 430 aa) being much more abundantly expressed at the transcript level 
than the other isoform (Si027442m, 473 aa) (determined by the mean reads per million, 
i.e. “baseMean”, see Supplementary Table 1). Interestingly, while the more abundant 
isoform of RCA reduced in expression, the less abundant isoform was almost 
exclusively expressed under the heat-stressed conditions, and it has increased ~90-
fold at the mRNA level, and ~10-fold at the protein level (Figure 3.5). An alignment of 
the two RCA genes showed that while the two isoforms are highly conserved at the 
amino acid level, the minor isoform has a longer C-terminus (Figure 3.6).   
3.2.3.3 Genes and metabolite changes associated with the aspartate pathway 
Some NADP-ME type C4 plants such as Zea mays and Flaveria bidentis 
produce a significant amount of aspartate in the mesophyll cells as the C4 metabolites 
for translocation of carbon to the Bundle Sheath cells (Furbank, 2011, Meister et al., 
1996b). In our experiment, the expression of aspartate aminotransferase (ASP-AT), 
which converts OAA into aspartate, was significantly upregulated at the protein level 
under heat stress (Figure 3.5). Concordantly, the expression of two alanine 
aminotransferases (ALA-AT) were also upregulated significantly at the protein level. 
The levels of aspartate, 2-oxoglutarate (2-OG), and glutamate significantly reduced in 
the heat-stressed plants (Figure 3.5). 
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3.2.3.4 Aquaporin genes 
The roles of aquaporin genes in the transport of CO2 has not yet been clearly 
established in S.viridis. The results here showed that a number of highly expressed 
aquaporin genes in the leaf were upregulated in response to heat stress (Figure 3.5). 
In this experiment, the most highly expressed aquaporin genes include PIP1;1, SIP1;2, 
NIP2;2, PIP1;2, PIP2;1, and TIP1;1 (listed in order descending mean reads per million). 
Two aquaporin gene, SiPIP2;6 (Si030713m) and SiPIP2;7 (Si030712m), are proposed 
to be putative CO2 transporters (Osborn 2018). The expression of SiPIP2;6 was 
decreased by almost 4-fold, and the expression of SiPIP2;7 was increased by 3.6-fold 
under heat stress conditions (Figure 3.5). Both SiPIP2;6 and SiPIP2;7 expression 
levels were relatively low compared to other aquaporin genes.  
3.2.4 Heat stress induced up-regulation of photorespiratory enzymes but has no 
effect on the expression of genes involved in the CBB cycle 
3.2.4.1 Calvin-Benson-Bassham (CBB) cycle 
Next, the expression of genes involved in the CBB cycle and photorespiration 
cycle was examined. The CBB cycle is thought to takes place in the M and BS cells in 
a coordinated fashion based on gene expression data in the two cell types (John et al., 
2014) . Even though in the current study the transcripts and proteins were investigated 
at the whole leaf level (not cell-specific), the pathway diagrams were constructed 
based on the information in John et al. 2014, with each gene was placed in the location 
where they are predominantly expressed (Figure 3.7). All of the genes involved in the 
CBB cycle showed significant reduction at the transcript level in the heat-stressed 
plants compared to the control (Figure 3.7). However, at the protein level, only 
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phosphoribulokinase (PRK) reduced significantly, while other enzymes in the CBB 
cycle maintained their level of protein expression.  
3.2.4.2 Photorespiration 
Although C4 plants have a largely diminished level of photorespiration, the 
genes involved in the photorespiratory cycle were still highly expressed, based on the 
mean RPKM of the photorespiratory genes relative to genes involved in the CBB cycle 
(Supplementary Table 1). We examined the expression of photorespiratory genes 
under heat-stress in S. viridis. Although at the transcript level, a significant reduction 
was observed in PGLP1, GOX, GGT1, SGAT, HPR, GDC subunits, pMDH2, Fd-
GOGAT, and GS2, the levels of SGAT, SHMT, and HPR proteins significantly 
increased (Figure 3.7). Accompanying these changes were the significant reduction in 
the abundance of serine, and significant increase in the accumulation of glycerate 
(Figure 3.7). Glycerate needs to be converted back to 3-PGA to complete the 
photorespiratory cycle. The expression of GLYK was very low and it was not detected 
in this proteomics dataset, so it remains unclear whether changes in the level of GLYK 
would have any effect on the accumulation of glycerate. Metabolites involved in the 
NH4+ assimilation part of the photorespiratory cycle including glutamate, 2-oxoglutarate 
also showed significant reduction in the heat-stressed plants (Figure 3.7). 
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3.2.5 Heat-stressed plants maintained chloroplast electron transport capacity 
despite global down-regulation of chloroplast electron transport genes  
3.2.5.1 The light response of photosynthesis 
The maintenance of CO2 assimilation rate in the heat-stressed S. viridis plants 
as demonstrated in section 3.3.2 not only relies on an efficient C4 cycle, but also 
depends on the proper functioning of the chloroplast electron transport chain for the 
production of reducing power (NADPH) and energy (ATP) to power the CBB cycle. The 
CO2 assimilation rate was measured under various light intensities, at ambient CO2  
(380 µbar) and a leaf temperature of 25 ºC.  The light response curve was almost 
identical for the control plants and the heat-stressed plants (Figure 3.8), indicating the 
same capacity of electron transport under these conditions. Photosynthesis was not 
saturated at irradiance as high as 2000 µmol m-2 s-1 with either treatment group.  
3.2.5.2 Expression of genes involved in chloroplast electron transport 
Chloroplast electron transport consists of both linear electron transport and 
cyclic electron transport. Both the M and BS cells host components of linear and cyclic 
electron transport chain, although cyclic electron transport occurs primarily in the BS 
cells in NADP-ME type C4 plants (Figure 3.9). The expression of genes in each protein 
complex in the electron transport chain was examined at the transcript and protein 
level. For components of light harvesting complex II (LHC II) and Photosystem II (PS 
II), transcripts encoding a number of subunits significantly decreased in transcript 
expression, and psbO, psbP and psbQ, which are components of the oxygen evolving 
complex, reduced significantly at the protein level (Figure 3.9). All of the subunits of 
Cytochrome b6f complex exhibited a significant reduction in mRNA levels, with PETA 
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and PETC also significantly reduced at the protein levels (Figure 3.9). Similarly, many 
genes encoding Light Harvesting Complex I (LHC I) and Photosystem I (PS I) subunits 
showed a significant decrease in expression at the transcript level, but changes in the 
corresponding proteins were mostly insignificant. Subunits of ATP synthase all 
exhibited a similar magnitude of reduction (except ATPD) at the transcript levels, while 
protein abundance of ATPB, ATPC, ATPF, and ATPX also decreased significantly. 
The NDH complex is involved in cyclic electron transport activity (Johnson, 2011). 
Reduction in the subunits of NDH complex was more pronounced at the transcript level, 
while many of the protein subunits detected were significantly reduced. Another protein 
involved in PSI cyclic electron transport is the PGR5 protein (Johnson, 2011). It has 
also reduced expression at both the transcript and protein level.  
Worth noting is the concerted reduction of expression of different subunits of 
the same complex. For example, the subunits of Cytochrom b6f, ATP synthase, and 
NDH complex all showed similar level of reduction at the transcript level. This may 
suggest that the expression of these subunits of the same complex could be under the 
regulation of the same transcription regulon. Despite the global reduction of expression 
in the components of chloroplast electron transport chain, electron transport capacity 
was maintained in the heat-stressed plants (Figure 3.8). 
3.2.6 Heat stress induced changes in the expression of transcription factors 
putatively involved in the regulation of photosynthetic gene expression 
3.2.6.1 Regulators of nuclear gene expression 
Several nuclear transcription factors that have been implicated in the regulation 
of expression of photosynthetic genes under heat were selected based on previous 
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studies, their transcript expression levels and functions were summarized in Table 3.4. 
Positive regulators of photosynthetic gene expression such as the MYB-like 
transcription factors MCB1, MCB2, and Nuclear Factor Y 3 (NF-Y3) were significantly 
down-regulated under heat stress. Another positive regulator, LONG HYPOCOTYL 5 
(HY5) significantly increased in expression.  
 
3.2.6.2 Regulators of chloroplast gene expression 
Transcription of chloroplast-encoded genes are carried out by both nuclear-
encoded RNA polymerases and chloroplast-encoded RNA polymerase complex 
(Lyska et al., 2013). The expression of the two nuclear-encoded RNA polymerases 
PDE319 and RPOT2 were significantly increased under heat stress (Table 3.4). The 
chloroplast encoded RNA polymerase is a multimeric protein complex consisting of 
subunits a, b, b’, b’’, which are encoded by rpoA, rpoB, rpoC1, rpoC2 genes 
respectively (Shiina et al., 2005). Interestingly, the expression of rpoB, rpoC1 and 
rpoC2 also increased significantly under heat stress (Table 3.4). However, the activity 
of chloroplast-encoded RNA polymerase is known to be regulated by nuclear-encoded 
sigma s factors (Lyska et al., 2013). Commonly higher plants have six sigma factor 
genes in their genome (Lyska et al., 2013). We found five genes encoding for putative 
sigma factors being expressed in S. viridis, and their expression was significantly 
down-regulated except for sig5, which did not change significantly (Table 3.4). 
Chapter 3 Growth, physiology and photosynthesis response to heat  
 
 
 
92 
3.3 Discussion 
3.3.1 Reduction of growth in S. viridis under heat was not due to impaired ability to 
assimilate CO2 
Two weeks of growing at 42 ºC day / 32 ºC night significantly reduced the growth 
of S. viridis. Plants produced smaller leaves, shorter roots, and total biomass 
accumulation was dramatically impacted (Figure 3.1). Heat stress also resulted in a 
reduction in vein spacing, most likely due to reduced cell expansion (Figure 3.2). This 
is also evident in the reduction in root elongation and a lack of root hairs. The 
expansion/elongation of plant cells is commonly negatively impacted by environmental 
stress (Potters et al., 2007). As a result of inhibited cell expansion, plants under stress 
often end up with shorter stature, smaller leaves, shorter roots; all of which were 
observed here. Cell expansion is a turgor driven process and involved modifications to 
the cell walls to increase elasticity (Taiz, 1984). These processes are under the 
regulation of hormones and other signalling mechanisms (Potters et al., 2007). The 
potential underlying reason for reduction in cell growth by heat will be examined in 
more detail later in Chapter 6. Abiotic stresses often also affect cell division and cell 
differentiation in plants (Lecoeur et al., 1995). However, this was not the case in S. 
viridis, as the number of M and BS cells remained unchanged under heat stress (Figure 
3.2). It would be interesting to see whether the total number of cells have reduced 
across the width of the leaf, and whether reduced cell division at the base of the leaf 
contributed to the smaller leaf size.  
Evidently, the reduction in plant size was not due to reduced ability to assimilate 
CO2 on a leaf area basis (Figure 3.3 & 3.4), suggesting that C4 photosynthesis in S. 
viridis is relatively insensitive to the high temperatures used here. In contrast, CO2 
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assimilation rate dropped sharply at temperature above 38 ºC in Zea mays (Crafts-
Brandner and Salvucci, 2002b). In sorghum, photosynthesis declined after 3 hours’ 
incubation at 40 ºC (Yan et al., 2011). Several C4 species (monocot Panicum coloratum 
and Cenchrus ciliaris, and  dicot Flaveria bidentis) grown at moderately high 
temperatures (35 / 30 ºC) exhibited reduced photosynthetic capacity compared to 
plants grown at control temperatures (25 / 20 ºC) (Dwyer et al., 2007). Other crop 
species such as cotton and wheat also exhibited significant reduction of 
photosynthesis at temperatures beyond 40 ºC (Law and Crafts-Brandner, 1999). In the 
present study, both S. viridis plants grown at control (28 / 22 ºC) or high temperatures 
(42 / 32 ºC) suffered relatively little loss of photosynthetic activity at 45 ºC (Figure 3.4). 
This suggests an innate ability of S. viridis photosynthesis to tolerate high temperatures. 
As an emerging model species for C4 photosynthesis, the results here suggest that S. 
viridis could serve as an excellent model for studying plant adaptation to heat stress.  
The robustness of photosynthesis under high temperature could also be seen 
through the maintenance of BS leakiness level in the heat-stressed plants (Figure 4F). 
This suggests the coordination between the C3 cycle and the C4 cycle is maintained at 
high temperature in these plants.  
3.3.2 Possible mechanisms for the acclimation of photosynthesis to high 
temperature  
Growth at high temperature has led to the thermal acclimation of photosynthesis 
in S. viridis. This is supported by 1) Increased Topt for photosynthesis (Table 3.2); 2) 
maintenance of photosynthesis rates at the high growth temperature (Table 3.2); 3) 
higher photosynthesis rates at 45 ºC in the acclimated plants (Figure 3.4A); 4) 
maintenance of photosynthesis rates at the new Topt (Figure 3.4A); 5) maintenance of 
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photosynthetic capacity at a basal temperature of 25 ºC (Figure 3.3 &3.7).  These 
changes fulfilled all the criteria outlined by Way and Yamori (2014) of thermal 
acclimation of photosynthesis, and suggests that a positive adjustment has occurred 
to optimize the plant response to heat stress (Way and Yamori, 2014). A number of 
processes are likely to be involved in the thermal acclimation of photosynthesis to 
achieve the new Topt (measured at 380 µmolmol-1 CO2 and 2000 µmolm-2s-1 light 
intensity) and in maintenance of A at the new high growth temperature.  
3.3.2.1 Strong induction of a new RCA isoform might contribute to Rubisco 
activation at high temperature 
 A different RCA isoform was found to be strongly induced both transcriptionally 
and at the protein level under heat stress (Figure 3.5 & 3.6). Rubisco activation state 
was often shown to reduce at high temperature, and was thought to be related to the 
inability of RCA to activate Rubisco under these conditions (Law and Crafts-Brandner, 
1999, Salvucci and Crafts-Brandner, 2004b). The induction of a RCA isoform that has 
a longer N-terminal tail has been suggested to play a role in Rubisco activation under 
heat stress in both wheat and maize, as the longer RCA isoform was thought to be 
more heat stable (Ristic et al., 2009, Crafts-Brandner and Salvucci, 2002a). Here, we 
showed that a longer RCA isoform was strongly induced and almost exclusively 
expressed under heat stress – the transcript increased ~90-fold and the protein 
increased ~10-fold (Figure 3.5 & 3.6). The total Rubisco activity and activation state 
did not change significantly in the heat-stressed plants compared to the control, despite 
decrease in RBCS and RBCL gene expression (Figure 3.5).  Although the expression 
of this isoform at the transcript level is still very low compared to the major RCA isoform, 
it will be interesting to carry out further experiments to see whether this newly induced 
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RCA isoform could contribute significantly to the activation of Rubisco at high 
temperature. However, it is still debatable whether inability of RCA to activate Rubisco 
is a major contributor to reduced C4 photosynthesis at high temperature. The study by 
Hendrickson et al. (2008) showed that a significant reduction in the amount of RCA 
proteins using gene silencing technology had no major impact on the way the plants 
(Flaveria bidentis) responded to high temperatures (Hendrickson et al., 2008b). It has 
also been argued that the reduction in Rubisco activation state at high temperature in 
several C4 species was a response to reductions elsewhere, in order to match the 
capacity of downstream reactions (RuBP regeneration by the CBB cycle) (Dwyer et al., 
2007).  
3.3.2.2 Reprogramming of C4 metabolism by high temperature could favor 
carbon flux through the aspartate pathways  
Another notable feature of the C4 photosynthesis pathway in S. viridis under 
heat is the strong up-regulation of ASP-AT and ALA-AT at the protein level, and 
associated reduction in the accumulation of aspartate, 2-oxoglutarate, and glutamate 
(Figure 3.5). This, together with increased malate levels, and reduced expression of 
the malate DCT2 transporter, which transports malate into the BS chloroplast, suggest 
that the plants grown at high temperature may be ustilising aspartate more as the C4 
metabolite transported to the BS cells. It has been shown that Zea mays and Flaveria 
bidentis can use a significant amounts of aspartate to transfer CO2 to the BS cells to 
support physiological rates of CO2 assimilation (Chapman and Hatch, 1981, Meister et 
al., 1996b). The aspartate transferred to BS cells is converted to OAA in the cytosol. 
However, the OAA is unlikely to be directly decarboxylated by PCK because both this 
study and previous research have failed to detected significant levels of PCK 
Chapter 3 Growth, physiology and photosynthesis response to heat  
 
 
 
96 
expression in S. viridis (John et al., 2014). Moreover, PCK protein was not detected in 
the present study suggesting that it is very low abundance (Figure 3.5). This suggests 
that the OAA is more likely to be transported into the BS chloroplast, re-converted to 
malate before decarboxylation by NADP-ME (Figure 3.5) as suggested for Flaveria 
(Meister, 1996). This model of metabolite transfer also fits the observation of a 
reduction in DCT2 expression as the use of aspartate does not require this transport 
step. The implications of using aspartate instead of malate as the C4 metabolite for 
CO2 transfer is that the net transfer of reducing equivalent NADPH from M to BS cell 
would be zero (Furbank, 2011, von Caemmerer and Furbank, 2016). This would either 
mean that the activity of PSII in the BS cells needs to be higher under high temperature 
to produce enough NADPH to meet demand from the reduction of 3-PGA to trioseP, 
or more 3-PGA is shuttled to the M cells for reduction. It had been hypothesised that 
the plasticity in the biochemical model (using malate vs. aspartate) and the distribution 
of light-harvesting components would allow fine-tuning of energy balance and redox 
regulation between the M and BS cells in response to environmental stress (Furbank, 
2011, von Caemmerer and Furbank, 2016). Future experiments will be required to test 
the hypothesis that S. viridis plants grown at high temperature increase the utilization 
of aspartate pathway as the carbon concentrating mechanism, and the corresponding 
changes in the distribution of PS II across the two cell types, which might occur.  
3.3.2.3 Changes in CO2 diffusion processes under high temperature 
The thermal acclimation of photosynthesis may also involve changes in CO2 
diffusion processes. The heat-stressed plants showed a significant different response 
of stomatal conductance to short-term increase in temperature (Figure 3.4C and Table 
Chapter 3 Growth, physiology and photosynthesis response to heat  
 
 
 
97 
3.1). It is also interesting to note that the CO2 assimilation rate in heat-stressed plants 
was higher at 45 ºC, while the stomatal conductance was lower than the control plants 
at this temperature (Figure 3.4A & C). This suggests an adaptation and change in 
stomatal response to temperature in the heat-stressed plants. It will be interesting to 
see through future experiments, whether this change was due to changes in stomatal 
development (i.e. stomata density), or signalling pathways that regulate stomatal 
closure.  
Mesophyll conductance is another important factor contributing to CO2 diffusion 
process before its fixation. It has been shown that mesophyll conductance generally 
increases as temperature increases in short-term temperature experiments in both C3 
(von Caemmerer and Evans, 2015) and C4 species (Ubierna et al., 2017), suggesting 
that the S. viridis plants grown under high temperature might already have a higher 
mesophyll conductance. Aquaporin genes have been speculated to play a role in 
mesophyll conductance and CO2 diffusion (Hanba et al., 2004, Uehlein et al., 2003). 
In this experiment, majority of the most highly expressed aquaporin genes were up-
regulated at the transcriptional level in the heat-stressed plants (Figure 3.5). Whether 
this increase in aquaporin expression could lead to further increases in mesophyll 
conductance in the heat-stressed plants is an interesting question. 
3.3.3 Global down-regulation of CBB cycle enzymes and light reaction components 
suggests concerted regulation of photosynthetic gene expression under heat 
stress 
Growth at high temperature has resulted in a reduction in transcript abundance 
of photosynthetic genes including those of the CBB cycle and light reactions (Figure 
3.7 & 3.9). It was interesting that the extent of reduction in transcription levels was very 
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similar for genes involved in the same pathway. Expression of most genes in the CBB 
cycle was reduced by about two fold (Figure 3.7). Genes in the Cyt.b6f complex, ATP 
synthase complex, NDH complex and the photosystems have reduced to a similar 
extent (Figure 3.9). This suggests that expression of photosynthetic genes involved in 
the same pathway/complex could be co-regulated.  How could this co-regulation be 
achieved? While some of the photosynthesis-related genes are encoded by the 
chloroplast genome, many genes are encoded by the nuclear genome (Berry et al., 
2013). Regulation of their expression has been shown to be through i) transcription 
networks governed by transcription factors in the nucleus ii) transcription/translation 
control of chloroplast encoded genes and retrograde signalling between the chloroplast 
and the nucleus (Nott, 2006).  
3.3.3.1 Various nuclear transcription factors likely played roles in the global 
down-regulation of photosynthetic genes under heat stress 
Not much is known about the direct regulation of photosynthetic gene 
expression by transcription factors in the nucleus. It is widely observed that most 
photosynthetic genes are down-regulated under abiotic stress conditions such as cold 
and drought (Saibo et al., 2009). Transcription factors can play a direct or indirect role 
in regulating the expression of photosynthesis genes. For example, two MYB-like 
transcription factors HvMCB1 and HvMCB2 were shown to bind the promoter regions 
of chlorophyll binding proteins in barley and wheat (Churin et al., 2003). The 
transcription of these two transcription factors were found to reduce significantly under 
salt, osmotic, and oxidative stress conditions (Churin et al., 2003). In the present study, 
the expression of SvMCB1 and SvMCB2 were also significantly reduced under heat 
stress (Table 3.4). It is likely that these transcription factors play a similar role in 
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regulating the expression of chlorophyll binding protein in S. viridis, and their functions 
warrant further investigation.  
Several independent studies have demonstrated a role for the multimeric 
nuclear transcription factor Nuclear Factor Y (NF-Y), also known as histone- or 
haem-associated proteins (HAPs) or CCAAT-binding factors (CBFs), in the regulation 
of photosynthetic gene expression and rates of photosynthesis (Yadav et al., 2015, 
Adachi et al., 2017, Stephenson et al., 2011). In wheat, a subunit TaNF-YB3 was 
found to co-express with a number of photosynthetic genes; and the constitutive 
expression of TaNF-YB3 in wheat led to a higher photosynthesis rate and an 
increase in leaf chlorophyll content (Stephenson et al., 2011). The expression of a 
few photosynthetic genes involved in PS I and ATP synthase were also increased in 
these transgenic plants (Stephenson et al., 2011). Another study reported that the 
constitutive expression of subunit TaNF-YB4 in wheat significantly increased grain 
yield under normal and water-limiting conditions (Yadav et al., 2015). A recent QTL 
mapping study for leaf photosynthesis rate in rice also mapped the CAR8 gene to 
NF-YB11 (Adachi et al., 2017). In the present study, one NF-YB3 gene (Si031069m) 
was significantly down-regulated under heat in S. viridis (Table 3.4). Given its role in 
regulating photosynthetic gene expression in wheat and rice (Stephenson et al., 
2011, Adachi et al., 2017), it is tempting to speculate that the reduction in NF-YB3 
expression in S. viridis played a role in the overall down-regulation of photosynthetic 
genes under heat.  
Another interesting example of genes involved in regulating photosynthetic 
gene expression is the bZIP transcription factor known as LONG HYPOCOTYL 5 
(HY5).  HY5 has been shown to be a positive regulator of light signalling by its ability 
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to directly bind to the promoters of light-inducible genes involved in photosynthesis and 
chloroplast development, thereby promoting photomorphogenesis (Osterlund et al., 
2000, Toledo-Ortiz et al., 2014). The dynamic interaction between HY5 and its 
antagonist, Phytochrome Interacting Factors (PIFs), were shown to form an activation-
repression module that regulates the expression of photosynthesis-related genes 
(Toledo-Ortiz et al., 2014). This transcription regulatory module was shown to respond 
to changes in light and temperature in Arabidopsis (Toledo-Ortiz et al., 2014). Extreme 
temperatures (especially cold) were found to induce the expression of HY5, and HY5 
played an important role in the cold acclimation of photosynthesis in Arabidopsis 
(Saibo et al., 2009, Toledo-Ortiz et al., 2014). In this experiment, the two putative HY5 
genes in S. viridis were found to be significantly up-regulated under heat stress (Table 
3.4). The expression of PIFs were not detected in the transcriptome dataset for 
comparison. How does the up-regulation of HY5 fit with the global down-regulation of 
photosynthetic genes, as it is deemed a positive regulator of photosynthetic gene 
expression? A recent study showed that HY5 negatively regulates the unfolded protein 
response, which is a response initiated by ER stress as a result of reduced protein 
folding capacity, and is presented as increased expression of molecular chaperones 
(Nawkar et al., 2017). This might explain the strong induction of HY5 expression under 
long-term heat stress, as heat can induce the unfolded protein response and 
expression of molecular chaperones (Deng et al., 2011). The induction of HY5 was 
possibly a feedback response to the up-regulation of the unfolded protein response. It 
has also been shown that HY5 has a wide range of target binding sites including many 
other transcription factors involved in stress response such as CBF1, DREB2A, RD20 
and MYB59 (Lee et al., 2007). This suggests that HY5 is a high hierarchical 
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transcription regulator involved in light signalling and stress response. Future 
investigations into the complex interaction between HY5 and other transcription 
regulators under high temperature will help reveal the regulatory network responsible 
for the down-regulation of photosynthetic genes observed in this study. 
3.3.3.2  Regulation of chloroplast gene expression by RNA polymerases 
A rather intriguing opposite trend was observed for the expression of nuclear / 
chloroplast-encoded RNA polymerase genes and sigma factors. The expression of 
RNA polymerases responsible for chloroplast gene transcription significantly increased, 
while the expression of nuclear-encoded sigma factors, which regulate the activities of 
chloroplast-encoded RNA polymerases, significantly decreased (Table 3.4).  Given the 
critical roles of sigma factors in regulating transcription of chloroplast-encoded genes, 
I could hypothesise that the down-regulation of sigma factors are linked to reduced 
expression of chloroplast-encoded photosynthesis-related genes through reduced 
transcription, and the up-regulation of both nuclear and chloroplast-encoded RNA 
polymerases is a result of feedback on reduced transcription activity.  
3.3.4 High temperature induced increase in photorespiration in S. viridis 
Photorespiration commonly increases under stressful conditions such as 
drought and high temperature. In the present study, several lines of evidence suggest 
that photorespiration increased in S. viridis plants grown under high temperature.  First, 
although at the transcript level, expression of most of the photorespiratory pathway 
genes was reduced under heat stress, the abundance of proteins encoded by most of 
these genes remained almost the same as the control, the abundance of SGAT, SHMT, 
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HPR proteins even showed a significant increase (Figure 3.7). Previous research have 
shown that SGAT activity directly correlated with its protein abundance (Modde et al., 
2017). Therefore, the increase in SGAT protein abundance, together with decreases 
in serine (Figure 3.7), indicate a higher SGAT activity in the heat-stressed plants. The 
abundance of glycine has not changed significantly meaning that glycine-to-serine ratio 
has increased, which is a sign of increased photorespiration (Voss et al., 2013, 
Abogadallah, 2011, Strodtkotter et al., 2009). The increase in the level of HPR protein 
is accompanied by the accumulation glycerate (Figure 3.7). In C4 plants, glycerate 
formed in photorespiration inside the BS cells is likely translocated to the M cells to be 
converted back to 3-PGA by GLYK, which is preferentially located in the M cells (John 
et al., 2014). The expression of GLYK is very low in S. viridis, and its protein was not 
detected in this proteomics study. This raises the possibility that increased glycerate 
accumulation was due to increased production by a higher photorespiratory flux, and 
ineffecient conversion of glycerate back to 3-PGA due to low GLYK levels in C4 plants. 
Despite an increase in photorespiration in the S. viridis grown under heat, the 
effect of this on the CO2 assimilation rate could be minimal, because the relative rate 
of photorespiration compared to CO2 assimilation rate is very low in C4 plants, even 
under some adverse conditions as has been shown (Ghannoum, 2009b, Lacuesta et 
al., 1997, Gonzalez-Moro et al., 2003, Carmo-Silva et al., 2008, Arrivault et al., 2017). 
In addition, due to the localization of the GDC complex to the BS cells, the 
photorespired CO2 is likely re-assimilated in the gas-tight BS cell (Ghannoum, 2009a). 
Therefore, an increase in the rate of both Rubisco carboxylation and oxygenation rate 
would be expected in the heat-grown plants to result in higher photorespiration and 
unchanged net CO2 assimilation rate as observed in Figure 3.4. The measured in vitro 
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Rubisco Vcmax at 25 ºC showed trends of increase in the heat-grown plants, but not 
significantly different from the control (27.82 ± 1.00 µmol CO2 m-2 s-1 in heat and 22.61 
± 1.74 µmol CO2 m-2 s-1 in control) (Table 3.2). More measurements of Rubisco activity 
at the different growth temperatures will be needed to estimate the in vivo rates.  
Although this increase in photorespiration at high growth temperature did not 
seem to have any major impact on the overall carbon metabolism, its impact on 
nitrogen metabolism could be significant.  In a study that measured ammonia 
production as a way of quantifying photorespiration in the C4 plant Amaranthus edulis, 
Lacuesta et.al. (1997) showed that ammonium production by photorespiration account 
for about 60% of total ammonium production by all metabolic reactions. An increase in 
photorespiration could significantly impact plant nitrogen metabolism, as the demand 
for amino donors to transaminate glyoxylate increases. The major amino acids alanine, 
glutamine, glutamate, serine and glycine are involved in the photorespiratory nitrogen 
cycle (Figure 3.7). The level of glutamine, glutamate and serine were significantly 
reduced in the heat-stressed plants, while the level of alanine did not change 
significantly (Figure 3.7). The level of aspartate, which is a major amino acid, also 
decreased significantly (Figure 3.5). And interestingly, the expression of the two 
alanine aminotransferases (ALA-AT) increased markedly in the heat-stressed plants. 
This suggests that alanine might serve as the major amino donor used in 
photorespiration in S. viridis under heat stress. This is in agreement with what has 
been shown in maize (Gonzalez-Moro et al., 2003). The interaction between 
photorespiration and nitrogen assimilation will be further discussed in Chapter 5.  
Interestingly, in the study by Modde et al. (2017), Arabidopsis over-expressing 
SGAT had higher SGAT activity and plants with fewer and smaller leaves. They 
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speculated that higher SGAT activity resulted in increased use of asparagine as amino 
donor for the photorespiratory pathway (due to substrate promiscuity, SGAT can use 
asparagine as substrate), thus competing with the use of asparagine for the export of 
nitrogen (Modde et al., 2017). In the current study, the S. viridis plants grown under 
heat shared some similarities with the SGAT over-expressing Arabidopsis in that it had 
higher SGAT level and lower day-time serine content, and reduction in other major 
amino acids such as glutamate. How this is linked to the reduction in plant growth is 
not known. Clearly, in our case, it is not a result of reduced photosynthesis on leaf area 
base. The effects of increased photorespiration on plant nitrogen metabolism and 
overall growth of C4 plants therefore warrants further investigation. 
3.4 Conclusion and future perspectives 
Long-term growth of S. viridis at high temperature has led to significant 
reduction in plant growth and biomass accumulation. Leaf Kranz anatomy was largely 
unchanged but vein spacing was reduced due to reduced cell expansion. The cause 
of reduced plant growth was unclear, with photosynthetic rates on a leaf area basis 
being largely unaffected by the high growth temperature. Photosynthesis showed 
acclimation to the new higher growth temperature, with an increase in Topt and 
maintenance of Agrowth. Photosynthetic gene expression overall showed a decreasing 
trend under high temperature, at the transcript and, to a less extent, at the protein level. 
The concerted down-regulation of photosynthetic genes suggested the existence of 
master regulators that regulate the expression of these genes. Future research effort 
should focus on identifying these master regulators, as genetic manipulation of which 
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may lead to enhanced expression of photosynthesis-related genes and increased 
photosynthetic capacity. 
The most pronounced changes relating to the C4 photosynthesis pathway 
included significant reductions in the abundance of aspartate and glutamate, and 
significant increases in the protein abundance of ASP-AT and ALA-AT. This led me to 
hypothesise that an increased usage of the aspartate pathway as the carbon shuttling 
mechanism was induced by high temperature, which warrant further investigation.   
Evidence also suggested an increase in photorespiration in the heat-grown 
plants. Despite its small impact on the overall plant carbon assimilation, the ramification 
on plant nitrogen metabolism could be significant. The interaction between 
photorespiration and nitrogen assimilation and metabolism will be discussed in 
Chapter 5.  
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Figure 3.1 The growth and biomass accumulation of S.viridis in response to heat 
stress. A) Representative photos of plants grown at 28 ºC day/22 ºC night (Control) 
and 42 ºC day/32 ºC night (Thoreen et al.). B) The shoot and root dry biomass, and 
(C) Biomass allocation to the shoot or root as a percentage of total biomass in the 
control and heat-stressed plants. Error bars shown represent standard error of mean 
(SEM), and p-values were calculated from Student’s t-tests (N = 3). 
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Figure 3.2 The anatomical characteristics of fully expanded leaves of the plants 
grown under control and heat conditions by light microscopy. A) Representative 
pictures of the base, mid, and tip sections of fully expanded leaves. B) The measured 
interveinal distance at the base, mid and tip of the leaves. Number of plants used for 
each treatment was 3, and 3 hand-cut sections of the base, mid and tip were made 
from each leaf, 5 measurements of interveinal distance were made in each image to 
obtain the average. Error bars shown represent SEMs, and p-values were calculated 
using Student’s t-tests, where “ns” indicates not statistical significant and “***” 
indicates statistical significant with p < 0.05. 
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Figure 3.3 The photosynthesis rate of the flag leaf in response to increasing 
concentrations of CO2, i.e. the A/Ci curve, of the control and heat-stressed plants. 
Measurements were taken at 25 ºC and irradiance of 2000 µmolm-2s-1. The initial 
slopes of the A/Ci curves for each replicate plant were calculated separately by fitting 
a linear regression line through the first five data points. The initial slope for the 
control plants was 0.34 ± 0.01, and 0.31 ± 0.01 for the heat-stressed plants (p = 
0.18). (N = 4) 
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Figure 3.4 Temperature response of CO2 assimilation rate (A), Ci/Ca (B), stomatal 
conductance (C), leaf vapor pressure deficit (D), carbon isotope discrimination ∆ (E), 
and Bundle Sheath Leakiness (F) measured at ambient CO2 concentration (380 
µmolmol-1), 2000 µmolm-2s-1 light intensity and various temperatures. Error bars 
represent SEMs. 
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Table 3.1 Two-way ANOVA statistical analysis of the temperature responses of leaf 
A, Ci / Ca, gs, VpdL, ∆ and Leakiness (f) in the control and heat-stressed plants. 
 
 Source of Variation P-value 
A Growth Temperature 5.52E-01 
Measurement Temperature 3.58E-03 
Growth x Measurement 
Temperature 
2.95E-01 
Ci / Ca Growth Temperature 9.36E-01 
Measurement Temperature 2.85E-14 
Growth x Measurement 
Temperature 
8.33E-05 
gs Growth Temperature 4.02E-02 
Measurement Temperature 3.51E-10 
Growth x Measurement 
Temperature 
7.59E-02 
VpdL Growth Temperature 3.65E-02 
Measurement Temperature 2.26E-23 
Growth x Measurement 
Temperature 
1.02E-01 
△ Growth Temperature 8.45E-01 
Measurement Temperature 1.54E-01 
Growth x Measurement 
Temperature 
5.24E-01 
Leakiness 
(f) 
Growth Temperature 7.44E-01 
Measurement Temperature 8.94E-02 
Growth x Measurement 
Temperature 
7.57E-01 
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Figure 3.5 The response of genes involved in the C4 pathway at the transcript and 
protein level, and the associated changes in metabolites to heat stress treatment. For 
each gene, the transcript and protein fold-changes (Heat Vs Control) in log2 scale 
are shown in coloured boxes, where “T” designate the change in transcript level and 
“P” designate protein level. The colour scale can be found on the top left corner. 
Numbers in red (or yellow if background is dark red) indicate the fold-changes are 
significant with p < 0.05. Metabolites detected by GC-MS are shown in red, blue and 
black, where red indicates significant decrease (p<0.05), blue indicates significant 
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increase (p<0.05), and black indicates no significant changes. Metabolites not 
detected were shown in grey. Metabolites that have increased or decreased but 
significance level is 0.05< p <0.1 are shown in orange. Abbreviations used: CA, 
carbonic anhydrase; PEPC, phosphoenolpyruvate carboxylase; ASP-AT, aspartate 
amino transferase; OMT1, oxoglutarate:malate antiporter; NADP-MDH, NADP-
dependent malate dehydrogenase; PPDK, pyruvate orthophosphate dikinase; DIT1, 
dicarboxylate transporter 1; TPT, triose-phosphate translocator; NADP-ME, NADP-
dependent malic enzyme; Rubisco, ribulose bisphosphate carboxylase/oxygenase; 
ALA-AT, alanine aminotransferase; PCK, phosphoenolpyruvate carboxikinase. 
 
 
Chapter 3 Growth, physiology and photosynthesis response to heat  
 
 
 
113 
 
 
Fi
gu
re
 3
.6
 A
m
ino
 a
cid
 se
qu
en
ce
 a
lig
nm
en
t o
f t
he
 tw
o 
Ru
bis
co
 A
cti
va
se
 g
en
es
 d
iffe
re
nt
ial
ly 
ex
pr
es
se
d 
un
de
r t
he
 
tw
o 
gr
ow
th
 co
nd
itio
ns
. T
he
 m
ajo
r i
so
fo
rm
 S
i02
64
02
m
 w
as
 m
or
e 
hig
hly
 e
xp
re
ss
ed
 u
nd
er
 co
nt
ro
l c
on
dit
ion
 (2
8 
ºC
 
da
y /
 2
2 
ºC
 n
igh
t).
 T
he
 m
ino
r i
so
fo
rm
 S
i02
74
42
 w
as
 ve
ry
 st
ro
ng
ly 
up
re
gu
lat
ed
 u
nd
er
 h
ea
t s
tre
ss
 co
nd
itio
n 
(4
2 
ºC
 d
ay
 / 
32
 ºC
 n
igh
t).
 
Chapter 3 Growth, physiology and photosynthesis response to heat  
 
 
 
114 
 
 
 
Figure 3.7 The responses of genes encoding for proteins involved in the CBB cycle 
and the photorespiratory cycle at both the transcript and protein level, and the 
associated changes in metabolites involved in the pathways to heat stress. The 
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colour codes of the diagram are the same as described in Figure 3.5. Abbreviations 
used: PGK, phosphoglycerate kinase; GAPDH, glyceraldehyde-3-phosphate 
dehydrogenase; TPI, triose phosphate isomerase; FBA, fructose-bisphosphate 
aldolase; FBP, fructose bisphosphatase; TKL, transketolase; SBP, sedoheptulose-
1,7-bisphosphatase; RPE, ribulose-phosphate3 epimerase; RPI, ribose-5-phosphate 
isomerase; PRK, phosphoribulose kinase; PGLP1, phosphoglycolate phosphatase1; 
GOX, glycolate oxidase; SGAT, serine:glyoxylate aminotransferase; GGT, 
glutamate:glyoxylate aminotransferase; SHMT, serine hydroxymethyltransferase; 
GDC, glycine decarboxylase; mMDH, mitochondrial malate dehydrogenase; pMDH, 
peroxisomal malate dehydrogenase; HPR, hydroxypyruvate reductase; CAT, 
catalase; GS, glutamine synthetase; GOGAT, ferrodoxin-dependent glutamate 
synthase; GLYK, glycerate kinase. 
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Figure 3.8 The response of (A) CO2 assimilation rate, (B)stomatal conductance, (C)Ci 
/ Ca to changing light intensity in the control and heat-stressed plants. Measurements 
were performed at ambient CO2 concentration of 380 µbar and 25 ºC. Closed circles 
represent means of 4 biological replicates of plants grown at 28 ºC day/ 22 ºC night. 
Closed triangles represent means of 4 biological replicates of plants grown at 42 ºC 
day/ 32 ºC night. 
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Figure 3.9 Expression of chloroplast electron transport genes under heat stress 
treatment. Schematics of protein complexes of the chloroplast electron transport 
chain located on the thylakoid membrane are drawn. Linear electron transport 
includes the Photosystem II, Cytochrome b6f, Photosystem I, ATP synthase 
complexes. There are two possible modes of cyclic electron transport which involve 
Photosystem I, NDH complex or PGR5 protein. The expression level of the subunits 
of each protein complex is shown below the schematic diagram. Numbers shown are 
the log2 transformed fold changes between the heat-stressed plants and control 
plants. The left column shows the expression level of transcripts and the right column 
shows protein level. When multiple isoforms of the same subunit exist, an asterisks 
mark * is used to designate the most highly expressed isoform. A letter “c” is written 
next to genes encoded by the chloroplast genome. The color scale can be found on 
the bottom right corner.  
  
 
Table 3.2 Summary of biochemical characteristics of the leaf of S. viridis plants 
grown at 28 ºC day/22 ºC night or 42 ºC day/32 ºC night.  
 
 Growth Conditions  
 28 °C / 22 °C 42 °C / 32 °C p-value (t-
test) 
Shoot Biomass (g) 6.50 ± 0.32 2.68 ± 0.42 2.30E-04 
Root Biomass (g) 1.98 ± 0.21 0.67 ± 0.13  8.40E-04 
Root / Total 0.23 ± 0.02 0.20 ± 0.01 ns 
Shoot / Total 0.77 ± 0.03 0.80 ± 0.01 ns 
LMA (g DW m-2) 57.71 ± 2.34 46.58 ± 2.26 9.11E-03 
Leaf Water Content (g/g) 2.50 ± 0.48 2.79 ± 0.76 ns 
A, at 25 °C (µmol CO2 m-2 s-1) 28.81 ± 3.53 23.55 ± 1.62 ns 
A, at growth temperature 32.19 ± 3.50 30.09 ± 2.12 ns 
Topt for A (°C) 34.86 ± 0.70 37.25 ± 0.44 3.70E-02 
Rubisco activity (initial) (µmol CO2 m-2 s-1) 16.23 ± 2.32 20.29 ± 3.07 ns 
Rubisco activity (activated) (µmol CO2 m-2 
s-1) 
22.61 ± 1.74 27.82 ± 1.00 ns 
Rubisco activation % 71.86 ± 8.26 72.82 ± 10.55 ns 
PEPC activity (µmol CO2 m-2 s-1) 187.82 ± 
6.96 
301.44 ± 
10.11 
7.60E-04 
PEP:Rubisco 8.36 ± 0.36 10.84 ± 0.05 2.50E-03 
Chlorophyll a+b (mmol m-2) 0.70 ± 0.03 0.68 ± 0.06 ns 
Chlorophyll a/b 6.56 ± 0.26 5.29 ± 0.35 2.00E-02 
Nitrogen (mmol m-2) 82.49 ± 6.17 116.84 ± 6.99 1.10E-03 
C:N 21.17 ± 4.29 12.21 ± 0.64 8.10E-03 
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Table 3.3 The levels of PEPC protein and transcript under heat stress relative to the 
control. 
 
 
 
 
Table 3.4 Transcription factors that can influence the expression of photosynthetic 
genes and a summary of their functions. 
 
Name S.viridis 
gene ID 
Transcript 
fold 
change 
(Log2) 
padj Summary of functions 
Genes involved in nuclear gene expression 
HvMCB1 si036966m -1.08 1.41
E-06 
MCB1 and MCB2 were shown to bind to 
the promoter regions of chlorophyll a/b 
binding proteins in barley and wheat, and 
were required for high level expression of 
chlorophyll a/b binding proteins, but not 
involved in light/circadian clock-regulated 
expression. The expression of MCB1 and 
MCB2 is regulated by environmental 
factors (salt/osmotic stress) and 
chloroplast development,  suggesting their 
roles in regulating the expression of 
chlorophyll a/b binding proteins in 
response to different environment (Churin 
et al. 2003). 
HvMCB2 si002334m -0.85 7.53
E-04 
NF-YB3 si031069m -1.10 9.89
E-05 
NF-YB3 was found to regulated the 
expression of photosynthetic genes and 
the rate of photosynthesis in wheat. 
Constitutive expression of NF-YB3 in 
wheat led to higher photosynthetic rates, 
higher leaf chlorophyll content, and 
increased expression of genes involved in 
PS I and ATP synthase complexes. The 
constitutive expression of NF-YB3 in 
NF-YB3 si038696m -0.56 9.12
E-02 
Protein IDs Protein fold-
change (Log2) 
p-value 
(protein) 
Transcript 
fold-change 
(Log2) 
Transcript 
padj 
Si005789m|PEPC2 -0.11 9.05E-01 -0.85 2.49E-04 
Si016228m|PEPC3 -0.11 9.05E-01 0.20 
 
0.56 
Si000160m|PEPC3 -0.11 9.05E-01 0.38 0.39 
Si028826m|PEPC1 na na 0.47 0.08 
Si000184m|PEPC1 -0.28 1.66E-01 -1.86 1.19E-03 
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wheat was also beneficial for grain yield 
under water-liming conditions. In rice, a 
QTL mapping experiment for leaf 
photosynthesis rate also located the 
CAR8 gene to NF-YB3 (Yadav et al., 
2015, Adachi et al., 2017, Stephenson et 
al., 2011.) 
HY5 si002989m 1.96 6.31
E-10 
HY5 is a bZIP transcription factor. It 
interacts with Phytochrome Interacting 
Factors (PIFs) to form activation-
repression module that regulate the 
expression of photosynthesis genes in 
response to light and other environmental 
conditions (Toledo-Ortiz et al. 2014) 
HY5 si018524m 0.94 7.44
E-04 
 
Genes involved in chloroplast gene expression 
PDE319 si005787m 2.44 1.51
E-28 
Nuclear-encoded chloroplast-targeted 
RNA polymerases responsible 
transcription of chloroplast-encoded 
genes (Lyska et al. 2013) 
nuclear 
encoded 
plastid 
RNA 
polymeras
e RPOT for 
chloroplas
t 
transcripti
on RPOT2 
si028824m 1.83 1.48
E-16 
SIG2 si035112m -1.20 1.08
E-08 
Plays an essential role in chloroplast 
development. Positively regulate the 
expression of plastid-encoded 
photosynthesis-related genes, such as 
psbD, RbcL (Lyska et al. 2013). 
SIG6 si034994m -1.34 1.69
E-11 
Play roles related to SIG2. 
SIG1,SIG2 si013608m -0.90 5.85
E-06 
SIG3 si021619m -0.79 1.83
E-03 
SIG5 si021904m 0.18 4.37
E-01 
SIG5 was shown to be induced by various 
environmental stress conditions, and is 
involved in the transcription psbD by 
activation of its blue light-responsive 
promoter, and thus the repair of PS II 
reaction centre (Nagashima et al., 2004). 
rpoA si020774m -0.47 6.55
E-02 
Subunits of the chloroplast-encoded RNA 
polymerase (Lyska et al. 2013). 
rpoA si020860m -0.43 1.05
E-01 
rpoB si020876m 1.76 1.96
E-16 
rpoC1 si020888m 1.85 5.36
E-18 
rpoC2 si020889m 1.22 8.59
E-09 
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4 Changes in respiratory metabolism in S. viridis grown under 
heat 
Highlights: 
 
• S. viridis plants treated with high temperature had higher rates of respiration. 
There was no evidence of respiratory thermal acclimation. 
• Genes involved in the glycolysis pathway and the TCA cycle were up-
regulated accompanying the increase in respiratory flux. 
• The expression of alternative oxidase (AOX) of the mitochondrial electron 
transport chain increased under heat stress, possibly in response to increased 
ROS production in the mitochondria.  
• The increase in respiration under heat was likely a result of increased 
availability of substrates (i.e. soluble sugars).  
4.1 Introduction 
Respiration is a ubiquitous process on Earth that provides the essential 
chemical energy in the form of ATP for growth and maintenance of cells. It involves 
several processes that happen inside or around the mitochondria, namely glycolysis, 
the Tricarboxylic Acid (TCA) cycle, the Oxidative Pentose Phosphate (OPP) pathway, 
and oxidative phosphorylation (Taiz, 2010). During respiration, the energy conserved 
in sugars is released through a series of oxidative reactions; reducing power (NADH) 
is generated and used by the mitochondrial electron transport chain to generate a 
proton gradient across the inner mitochondrial membrane. A large bulk of the ATP 
from respiration is generated by the ATP synthase in the inner mitochondrial 
membrane, driven by the proton gradient. During aerobic respiration, CO2 is released 
and O2 is consumed and converted to H2O. Plant respiration accounts for a large 
proportion of the CO2 released into the atmosphere and therefore plays a significant 
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role in global carbon flux (Atkin et al., 2005a). Due to the inherent sensitivity of 
respiration to temperature and the predicted global warming, a large amount of 
research effort is focused on understanding the temperature response of respiration 
(Atkin and Tjoelker, 2003). In this introduction, we will give a brief account of the 
various processes involved in plant respiration that are common to both C3 and C4 
plants. Then, an overview of the links between C4 photosynthetic pathways and 
mitochondrial respiration is given. Finally, we will introduce the concepts associated 
with thermal acclimation of respiration. 
4.1.1 The general processes involved in plant respiration 
4.1.1.1 Glycolysis 
Glycolysis is the first process in respiration, which involves the oxidation of 
hexoses (glucose and fructose) to produce ATP, NADH, and pyruvate. Plant glycolysis 
occurs mostly during the night, due to inhibition of glycolytic enzymes during the day 
(Tcherkez et al., 2005), and hexose sugars are provided from the breakdown of 
sucrose and starch, accumulated during photosynthesis. Glycolysis occurs outside of 
mitochondria (Plaxton, 1996), although some glycolytic enzymes have been reported 
to associate with the cytosolic face of the mitochondrion in order to facilitate pyruvate 
access to the mitochondrion (Giegé et al., 2003). Phosphoenolpyruvate (PEP) is 
produced as a glycolytic intermediate before its conversion to pyruvate by Pyruvate 
Kinase (PK). Plants exhibit flexibility in PEP metabolism: PEP can also be carboxylated 
by PEPC to make oxaloacetate (OAA); OAA can be converted to malate by the 
cytosolic malate dehydrogenase (cMDH), and then the malate imported into the 
mitochondria (Tcherkez et al., 2012). The malate can then be converted to pyruvate 
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by the mitochondrial NAD-dependent malic enzyme (NAD-ME) before entering the 
TCA cycle, or entering the TCA cycle directly as malate. This series of reactions 
involving PEPC, cMDH, and NAD-ME may act as a bypass to overcome PK inhibition 
in the light, and the pathway was found to be particularly important under  adverse 
conditions such as phosphate deprivation (Nagano et al., 1994, Theodorou et al., 
1991). In C3 plants, the flux through PEPC may reach 5% of the net photosynthetic flux 
(Tcherkez et al., 2012). In C4 plants, isoforms of PEPC, MDH and NAD-ME (of NAD-
ME type C4 plants) have evolved to become the core enzymes of the C4 pathway. The 
amount of respiration-associated PEPC flux in C4 plants under various conditions is 
not known. 
4.1.1.2 TCA cycle 
The TCA cycle consists of a series of oxidative reactions inside the 
mitochondrial matrix, using pyruvate produced by glycolysis as the initial substrate. 
The TCA cycle generates a small amount of ATP and the bulk of NADH, which feeds 
into the mitochondrial electron transport chain for ATP production. In addition to the 
role in producing ATP and NADH, intermediates of the TCA cycle provide carbon 
backbones for nitrogen and sulfur assimilation and the synthesis of secondary 
metabolites (Taiz, 2010).  
Understanding of the TCA cycle in plants is facilitated by genetic studies where 
one or more enzymes are silenced or overexpressed. There is not really a consensus 
in the phenotypes in plants with impaired parts of the TCA cycle, and the phenotypes 
range from increased photosynthesis, to impaired photorespiration, to malformation of 
the reproductive organs  (Landschütze et al., 1995, Sienkiewicz-Porzucek et al., 2008, 
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Carrari et al., 2003, Nunes-Nesi et al., 2005, Tomaz et al., 2010, Nunes-Nesi et al., 
2007, Studart-Guimarães et al., 2007). These studies indicate the differential 
interactions of each TCA cycle enzyme with different parts of cellular metabolism. 
One interesting aspect of the TCA cycle was revealed by 13C-fluxomics studies 
which showed that it operates in a non-cyclic manner in the light (Tcherkez et al., 2009, 
Sweetlove et al., 2010). The part of the cycle involving oxaloacetate (OAA), malate and 
fumarate operate partly in the reverse direction, instead of being used for citrate 
synthesis, due to citrate synthase inhibition under light. The forward reactions 
proceeded from citrate to isocitrate, to 2-OG, to succinate, with the citrate used mainly 
coming from remobilized reserves from previous day (Tcherkez et al., 2009, Sweetlove 
et al., 2010) (see Figure 4.3).  As a result of this non-cyclic nature, malate and fumarate 
accumulated in illuminated leaves; a considerable amount of 2-OG was used for 
glutamate synthesis and, subsequently, GABA synthesis (Tcherkez et al., 2009).  
4.1.1.3 Mitochondrial electron transport 
In the final steps of respiration, the reducing power (NADH) generated by the 
TCA cycle is used by the mitochondrial electron transport chain to produce ATP in a 
process known as oxidative phosphorylation. The electrons in NADH pass through a 
series of four inner mitochondrial membrane protein complexes before transferring 
onto O2 molecules to produce H2O. Accompanying the transport of electrons is the 
translocation of protons from the mitochondrial matrix to the inter membrane space 
through the protein complexes. The generated proton gradient is then used to drive 
the ATP synthase located on the inner membrane, and ATP is produced (Taiz, 
2010). 
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A unique feature of the plant mitochondrial electron transport chain is the 
existence of alternative electron transport pathways that can oxidize reducing 
equivalents without translocating protons. As a result, no ATP is generated with the 
alternative electron transport pathways, and they are therefore also known as non-
phosphorylating by-passes (Fernie et al., 2004). Plants possess a number of NAD(P)H 
dehydrogenases located on both sides of the inner mitochondrial membrane, which 
oxidize NADH without proton translocation. Another non-phosphorylating by-pass in 
plants is the Alternative Oxidase (AOX) protein, which reduces O2 to H2O using 
electrons from ubiquinone (Vanlerberghe and McIntosh, 1997). AOX was found to be 
induced under oxidative stress and was thought to play a role in protection against 
ROS accumulation in plants (Giraud et al., 2008, Van Aken et al., 2009). The last non-
phosphorylating bypass involves uncoupling proteins (UCPs), which act to dissipate 
the proton gradient by transferring protons across the inner mitochondrial membrane 
into the matrix, without the production of ATP. Overexpression of AtUCP1 in tobacco 
resulted in enhanced tolerance to H2O2 (Brandalise et al., 2003), and knockout of 
AtUCP1 in Arabidopsis led to localised oxidative damage and reduced photosynthesis 
due to decreased rate of glycine decarboxylation and photorespiration, suggesting its 
role in maintenance of redox poise in the mitochondria (Sweetlove et al., 2006).  
4.1.1.4 The Oxidative Pentose Phosphate Pathway 
Another metabolic pathway alongside glycolysis that can generate a substantial 
amount of NADPH through the oxidation of hexose sugars is the Oxidative Pentose 
Phosphate (Jeanneau et al.) pathway (Kruger and von Schaewen, 2003, Furbank and 
Lilley, 1981). The oxidative part of the pathway involves the oxidation of glucose-6-
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phosphate and production of NADPH and CO2. The non-oxidative part of the pathway 
involves a series of reversible reactions that inter-convert sugar phosphates. These 
reaction steps overlap with those of the CBB cycle.  
4.1.2 The link between respiration and C4 photosynthetic pathways 
The general features of the respiratory pathway are the same in C3 and C4 
plants. Research on respiratory metabolism has primarily focused on C3 plants, and 
very little is known about its interaction with C4 photosynthetic metabolism. Several 
studies looked at respiration in the C4 crop maize, but did not address the pathway in 
a C4-specific context (Miedema and Sinnaeve, 1980, Quin, 1981, Saglio et al., 1983). 
For the reasons outlined below, the study of respiration in the context of C4 
photosynthesis would be a very interesting area of study. First of all, as mentioned in 
4.1.1.1, an alternative pathway exists for PEP metabolism in the context of glycolysis, 
where PEPC converts PEP into OAA, then by cytosolic MDH into malate before 
entering the TCA cycle in the mitochondria. Although the PEPC involved in the C4 
pathway is a C4-specific isoform, the pool of PEP in the cytosol is shared between the 
C3 respiratory pathway and the C4 pathway (Figure 4.1 A). This means potential 
competition for substrate between the C4 photosynthesis pathway and the respiratory 
pathway in a C4 plant. In the NAD-ME- and PCK- type of C4 plants, mitochondria are 
an integral part of the C4 photosynthetic pathway (Figure 4.1 B & C). The reactions 
converting OAA to malate, and malate to pyruvate occur in the mitochondria in NAD-
ME- and PCK- type C4 plants. Again, although the enzymes involved are C4-specific 
isoforms, the metabolite pool is not separated spatially from that of respiration. With 
the C4 photosynthetic flux being orders of magnitude bigger than the respiratory flux, 
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there is the question of how activities of respiratory enzymes respond to changes in 
metabolite levels as a result of alteration in C4 photosynthesis. Finally, the glycine 
decarboxylase (GDC) complex as part of the photorespiratory pathway is located 
inside the mitochondria. In C3 plants, large flux through the GDC complex results in 
production of a significant amount of reducing power in the form of NADH, which is 
thought to be dissipated through non-phosphorylating pathways when necessary. The 
diminishment of photorespiration in C4 plants means that the redox poise of 
mitochondria may be very different from that of C3 plants, and the requirements for 
oxidizing NADH should be reduced.     
4.1.3 Temperature acclimation of respiration 
Considerable effort is spent on characterization of the temperature response of 
respiration in different plant species because temperature is one of the most important 
environmental parameters that affects the rate of respiration, and it is of global 
importance due to the potential impact respiration will have on atmospheric CO2 flux 
in a warming climate. Respiration generally increases with increasing temperature as 
enzyme activities increase. The term Q10 is used to describe the proportional change 
in respiration per 10 ºC increase in temperature. A Q10 value of 2, meaning that 
respiration rate doubles with a 10 ºC increase in temperature, was often assumed in 
the past (Atkin and Day, 1990, Atkin et al., 2005b). Growing evidence is suggesting 
that there is variability in Q10 values, and many plant species show acclimation to long 
term changes in growth temperatures (Atkin and Tjoelker, 2003). The Q10 of respiration 
is thought to be dependent on whether respiration is limited by enzymatic capacity or 
by availability of substrate and/or adenylate. At low temperatures, respiration is more 
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likely to be restricted by the rates of reactions of enzymes; at high temperatures, as 
enzyme activities increase, the limitation shifts towards availability of substrate and/or 
adenylate and/or phosphate. This trend results in a reduced impact of increase in 
temperature on the rates of respiration as temperature increases. Therefore, declining 
Q10 values as measurement temperature increases have been commonly observed 
(Atkin and Tjoelker, 2003). 
Thermal acclimation of respiration is defined as changes in rates of respiration 
in a way to compensate for a changes in growth temperatures (Atkin et al., 2000a). It 
can be studied by measuring the short-term temperature response of respiration. Atkin 
and Tjoelker (2003) defined two distinct types of thermal acclimation of respiration. 
Type I acclimation is characterized by a change in Q10 (the overall slope) of the 
instantaneous temperature response curve, while rates of respiration stay almost the 
same at low measurement temperatures. For example, when a warm-grown plant is 
shifted to a cold temperature for 1-2 days, the rates of respiration increase more 
strongly in response to short-term temperature increase at moderate to high 
temperatures, but stay the same at low temperatures. Conversely, when a cold-grown 
plant is shifted to a warm temperature, the rates of respiration can become 
desensitized to short-term changes in measurement temperature giving a smaller rise 
in the response curve. The underlying mechanisms for Type I acclimation is thought to 
be associated with a change in the availability of respiratory substrates and the degree 
of adenylate limitation on respiration (Atkin et al., 2005b). Type II acclimation involves 
changes in the rates of respiration at both low and high measurement temperatures so 
that the temperature response curve is overall shifted up or down, without necessary 
changes in Q10. Type II acclimation is thought to be associated with changes in 
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respiratory capacity, which can be a result of changes in morphology and biochemistry 
of the tissues such as density of mitochondria and total amount of respiratory enzymes 
represented in the total protein pool (Atkin and Tjoelker, 2003). Sometimes, thermal 
acclimation leads to identical respiration rates at contrasting growth and measurement 
temperatures, and this is called respiratory homeostasis (Atkin and Tjoelker, 2003).  
Aims and Strategies 
In this chapter, the instantaneous temperature responses of dark respiration in 
S. viridis grown at control (28 ºC day / 22 ºC night) and high (42 ºC day / 32 ºC night) 
temperatures were obtained by gas exchange measurement. The expression of 
respiratory genes at the transcript and protein level was measured using RNASeq and 
quantitative proteomics methods, and the levels of TCA cycle metabolites were 
measured using GC-MS. An attempt is made to interpret the instantaneous 
temperature response dark respiration data in the context of gene expression and 
metabolite data.      
 
4.2 Results  
4.2.1 Rates of dark respiration in the heat-stressed plant were higher at the new 
growth temperature 
The rates of dark respiration (RCO2) for plants grown at 28 ºC day / 22 ºC night 
(control), and 42 ºC day/ 32 ºC night (heat-stressed) were studied using LI-6400XT 
gas exchange systems. Instantaneous temperature response of RCO2 were measured 
at an ambient CO2 concentration of 380 µbar and atmospheric oxygen concentration. 
The temperature response curves of RCO2 on a leaf area basis for the control and heat-
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stressed plants did not significantly differ from one another (Figure 4.2). The Q10 values 
were calculated for each of the temperature measured at, using 20 ºC as the reference 
temperature TREF (Table 4.1). The Q10 values for the control plants showed trends of 
increase between 25 ºC and 42 ºC; while the Q10 values for the heat-stressed plants 
remained quite constant over this temperature range (Table 4.1). It can be seen from 
Figure 4.2 that the rates of dark respiration at the respective day (42 °C Vs 28 °C) and 
night (32 °C Vs 22 °C) growth temperatures, were all higher in the heat-stressed plants 
than the control plants.   
4.2.2 Increase in dark respiration in the heat-stressed plants was accompanied by 
increased accumulation of enzymes in the glycolysis pathway and the TCA 
cycle 
The expression of genes and their encoded proteins associated with respiratory 
metabolism, as well as metabolite accumulation under heat was investigated using the 
transcriptomics, proteomics and metabolomics data generated, respectively, as was 
used in Chapter 3. In addition, the cell-specific preferential expression of these genes 
involved in glycolysis and respiration was examined by mining the S. viridis cell-specific 
transcriptome data produced by John et al. 2014. Many of the genes involved in 
respiration, especially those in the TCA cycle, are found to be preferentially expressed 
in the BS cells (Table 4.2). Under heat, Vacuolar Invertase (INV), which is a major 
invertase responsible for the breakdown of sucrose to glucose and fructose, showed 
the most significant increase at both the transcript and protein level under heat. To this 
end, the levels of glucose and fructose also increased significantly, as well as the level 
of sucrose (Figure 4.3). Hexokinase 1 (HXK1), the major form of hexokinase that is 
involved in hexose metabolism and sugar signalling, also showed significant increase 
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at the transcript level in the heat-stressed plants. Enzymes that showed significant (p 
£ 0.05) increase in protein abundance under heat include glucose-6-phosphate 
isomerase (PGI), aldolase, Enolase 2 (ENO2), pyruvate kinase (PK), E2 subunit of 
mitochondrial pyruvate dehydrogenase (mPDH), citrate synthase (mCS), Aconitase 3 
(ACO3), Isocitrate dehydrogenase (IDH1), succinyltransferase, Succinate 
dehydrogenase 1-1 (SDH1-1), mitochondrial Malate dehydrogenase 1 (mMDH1) and 
NAD-ME2 (Figure 4.3). Of these, only mCS, ACO3, SDH1-1 and mMDH1 had shown 
corresponding significant increases at the transcript level (Figure 4.3), suggesting post-
transcriptional regulation of genes involved in glycolysis and the TCA cycle.  Overall, 
most genes in glycolysis and the TCA cycle showed increase in protein accumulation 
on total leaf protein basis in the heat-stressed plants. Accompanying these changes in 
gene expression and protein accumulation was a reduction in the levels of TCA cycle 
intermediates citrate, 2-OG, and succinate under heat. However, the levels of fumarate 
and malate were increased (Figure 4.3). 
4.2.3 Increase in protein abundance of enzymes involved in NADPH-generating 
steps of the Oxidative Pentose Phosphate Pathway 
In addition to glycolysis, the OPP pathway is an important respiratory process 
involved in the oxidation of soluble sugars to produce reducing power NADPH and 
metabolic intermediates for the shikimate pathway and nucleic acid biosynthesis 
pathway (Kruger and von Schaewen, 2003, Furbank and Lilley, 1981). In this 
experiment, RNASeq analysis detected six isoforms of glucose-6-phosphate 
dehydrogenase (G6PDH) in S. viridis leaves under control and heat treatment. Except 
the weakliest expressed isoform G6PDH4, which showed significant increase in mRNA 
abundance, all the other isoforms showed significantly reduced expression under heat. 
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However, the proteomics experiment only detected the most abundant isoform, the 
cytoplasmic G6PDH6, which showed significant increase in protein accumulation 
(~1.7-fold) in the heat-stressed plants (Figure 4.4). Three genes encoding 
phosphogluconolactonase (PGL) were expressed. The most abundant isoform, PGL3 
(Si030554m.g), did not change, while the other PGL3 gene (Si014073m.g) and PGL1 
(Si036978m.g) showed significant increase at the transcript level in heat-stressed 
plants. The PGL and PGD proteins detected by proteomics showed trends of 
increasing but these did not reach a significant level. G6PDH, PGL, PGD constitute 
the early steps of the OPP pathway that is responsible for NADPH production and CO2 
evolution (Figure 4.4). Other enzymes in the OPP pathway including ribulose-
phosphate 3-epimerase (RPE), ribose-5-phosphate isomerase (RPI) and 
transketolase (TKL) showed significant reduction at the transcript level but no change 
at the protein level in the heat-stressed plants. There was no significant change in the 
expression of transaldolase (TAL) at either the transcript or protein level under heat 
(Figure 4.4). 
 
4.2.4 Heat stress caused up-regulation of the alternative oxidase protein, but 
relatively little change in other components of the mitochondrial electron 
transport chain 
The mitochondrial electron transport chain uses NADH generated by the TCA 
cycle to produce ATP. The expression of genes encoding for subunits of each complex 
under heat stress was examined at the transcript and protein level. For Complex I, 36 
genes encoding for 33 subunits that are homologous to subunits of the Arabidopsis 
Complex I (Klodmann et al., 2010) were detected in the RNASeq experiment. Some 
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subunits showed significant reduction at the level of transcript expression, while others 
did not change significantly in the heat-stressed S. viridis leaves (Figure 4.5). Proteins 
for some of the subunits of Complex I were detected in the proteomics study, but the 
changes in protein abundance were small and insignificant. Overall, the data suggests 
that there was no significant change in the total amount of Complex I proteins under 
heat. The SDH1-1 subunit of Complex II showed a significant increase at both the 
transcript and protein level (Figure 4.3). The expression of all the detected genes 
encoding subunits of Complex III did not change significantly under heat stress (Figure 
4.5). Cytochrome C, which acts to transfer electrons from Complex III to Complex IV, 
showed an increase in protein abundance for all three isoforms expressed (CYTC1, 
CYTC1-1, CYTC2), although at the transcript level, CYTC2 significantly reduced in the 
heat-stressed plants. Expression of genes encoding subunits of Complex IV mostly did 
not change at the transcript level under heat, except for subunits COX5B, COX6B2 
and SCO1, which increased significantly. COX3 expression decreased significantly 
under heat. Subunits of ATP synthase, AT8, alpha chain, delta chain, MI25, reduced 
significantly at the transcript level under heat. However, the level of protein abundance 
for alpha chain, delta chain and MI25 increased (Figure 4.5). Four uncoupling proteins 
were detected in this experiment. The more abundant isoforms UCP5 and UCP1 have 
reduced significantly in mRNA expression, but UCP1 protein accumulation was 
increased significantly. The mRNA encoding two isoforms of alternative oxidase (AOX)  
showed dramatic and significant increases in the heat-stressed plants, although the 
protein for AOX was not detected in this proteomics study (Figure 4.5). 
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4.2.5 Heat stress caused up-regulation of ROS metabolism 
The expression of antioxidant genes was examined and Figure 4.6 shows there 
was significant increases in the expression of genes involved in ROS detoxification 
(such as APX, SOD) (Figure 4.6). Metabolomics analysis also showed increases in 
accumulation of the antioxidants including ascorbate (3.22 fold, p = 0.11) and a-
tocopherol (5.62 fold, p = 0.0004) in the heat-stressed plants (Figure 5.11). This 
suggests an up-regulation of ROS production and metabolism under heat stress. 
In order to estimate the extent of ROS accumulation in the heat-stressed plants, 
a subsequent preliminary experiment was carried out where leaf samples were 
collected on Days 1, 2, 3, 4, 6, 8, 11, 14 post transfer to 42 °C chamber. The total 
leaf protein carbamylation level was measured to indicate the extent of oxidative 
damage to proteins as heat stress progressed. To our surprise, the preliminary 
results indicated that the heat-stressed plants did not suffer any increase in oxidative 
damage to proteins at any time point measured (Figure 4.7). This suggests that the 
up-regulation of antioxidant system effectively controlled ROS accumulation under 
heat stress. 
 
4.3 Discussion 
4.3.1 No evidence of respiratory acclimation in the heat-stressed plants 
Acclimation of respiration to new growth temperatures is observed in many plant 
species. The rates of respiration are adjusted in a way to compensate for changes in 
growth temperatures, and sometimes respiratory homeostasis is achieved where the 
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respiration rate in the new growth temperature is identical to that of the old growth 
temperature (Atkin and Tjoelker, 2003). When plants are shifted from a cold 
temperature to a warm temperature, acclimation occurs in a way to lower the rates of 
respiration at the new high temperature. In this experiment, there was no evidence for 
either Type I or Type II acclimation in the heat-stressed S. viridis plants, because the 
overall shapes of the instantaneous temperature response curves were not different, 
and the rates of respiration at basal temperatures (20 ºC & 25 ºC) were not significantly 
different either (Figure 4.2). The absence of respiratory acclimation was further 
confirmed by calculating the degree of acclimation using the methods described by 
Loveys et. al. (2003) (Table 4.1).  
The degree of respiratory acclimation varies greatly within and among individual 
species (Atkin et al., 2005a). Studies have demonstrated that the degree of 
temperature acclimation was lower in pre-existing tissues transferred from one 
temperature to another than in new tissues developed at the new temperature (Loveys 
et al., 2003, Atkin and Tjoelker, 2003, Talts et al., 2004). The leaves measured in this 
experiment were flag leaves that had developed at the control temperature of 28 ºC. 
This may partly explain why there was no temperature acclimation when the plants 
were shifted to 42 ºC for two weeks, because the number of mitochondria might have 
already been determined at 28ºC. It would be interesting to see whether leaves that 
have fully developed at 42 ºC show any degree of respiratory acclimation. There is 
also non-conclusive evidence suggesting that the ability to acclimate to new growth 
temperature differs systematically among taxa such that slow-growing species 
exhibited a higher degree of leaf respiratory acclimation than fast-growing species in 
some plant genus studied (Loveys et al., 2003). There has also been questions about 
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whether respiratory cost in C4 plants is different from C3 plants due to lower investment 
in proteins in C4 plants. Only one study that I am aware of attempted to address this 
question, where the respiratory property in one C4 species (Amaranthus retroflexus) 
was compared to one C3 species (Chenopodium album), and no significant difference 
was found (Byrd et al., 1992). So far, there has been no large scale systematic study 
on respiratory acclimation in C4 plants. Given that some metabolites involved in the C4 
pathway are shared with the respiratory pathway (PEP, OAA and malate), systematic 
investigation on respiratory acclimation in C4 species, taking account of the impact of 
temperature on C4 photosynthetic metabolism, and its comparison with C3 species 
should be an interesting future area of research.    
4.3.2 Physiology and molecular evidence indicates increased respiratory capacity 
and flux in the heat-stressed plants 
The increase in the rates of respiration in the heat-stressed plants at its higher 
growth temperatures (Figure 4.2) is supported by the transcriptomics and proteomics 
data, showing that the accumulation of respiratory enzymes have generally increased 
(Figure 4.3). It should be noted that the leaves used for RNASeq, proteomics and 
metabolomics analysis were collected in the middle of the day, whereas the 
temperature response of dark respiration rates (RCO2) were measured at the end of the 
night. However, the transcription of genes encoding TCA cycle enzymes has been 
shown to be independent of the circadian rhythms (Rasmusson and Escobar, 2007, 
Bläsing et al., 2005) and there is no evidence showing a large turnover rate of these 
enzymes over the diurnal cycle. Therefore, it seems reasonable to assume that the 
abundance of respiratory proteins in the middle of the day is representative of the 
abundance at night. Furthermore, the activities of respiratory proteins in the glycolysis 
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pathway and the TCA cycle are largely regulated by post-translational modifications 
and by redox regulation (Balmer et al., 2004). So the level of proteins measured by 
proteomics analysis does not necessarily translate to activity of the enzymes, but 
rather, the “capacity” of the respiratory pathways. In light of this, the concerted increase 
in respiratory enzyme concentrations indicates an increase in respiratory capacity. 
The metabolomics data provides information on the day-time respiratory flux in 
the light. The decrease in citrate, 2-OG and succinate, and the increase in malate and 
fumarate in the heat-stressed plants (Figure 4.3) is in agreement with a higher 
respiratory flux, during the day. As introduced in 4.1.1.2, the TCA cycle reactions can 
proceed in a non-cyclic nature in the light – the forward reactions proceed to succinate 
with very little succinate being converted to fumarate; while the reactions carried out 
by mMDH and fumarase act reversibly, and as a result malate and fumarate 
accumulate in the light (Tcherkez et al., 2009). The non-cyclic nature also suggests 
that the regulation of the forward and reverse reactions of the TCA cycle can be 
separated. The metabolic origin of the increased malate and fumarate under heat is 
likely to be OAA synthesised from PEP by PEPC. There has been earlier 
demonstration that the PEPC reaction in C3 plants play a role in the anaplerotic 
replenishment of TCA cycle intermediates (Tcherkez et al., 2009). In Chapter 3, it was 
shown that the total leaf PEPC activity of the heat-stressed plants increased 
significantly compared to the control (Table 3.1), although it cannot be concluded 
whether this activity increase was attributed by the C4 or the C3 PEPC isoform from the 
current proteomics data. Given that there were no notable changes in the leaf 
photosynthetic behaviour of the heat-stressed plants, but an increase in respiratory 
activity under heat, we hypothesise that the increase in PEPC activity in the heat-
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stressed plants is related to respiration but not photosynthesis. Further supporting the 
idea of an increased demand for anaplerotic reactions in the heat-stressed plants is 
the increase in the mitochondrial NAD-ME2 (the C3 isoform) protein accumulation 
(Figure 4.3). Its role is to convert malate to pyruvate, which then enters the TCA cycle.  
Why would there be an increased need for replenishment of TCA cycle 
intermediates under heat? The reduction in citrate, 2-OG and succinate, suggests that 
there is an increase withdrawal of these intermediates from the TCA cycle. The 
metabolite 2-OG is involved in a number of metabolic processes including (1) providing 
carbon backbones for de novo nitrate assimilation, (2) being a reaction component in 
the GS-GOGAT cycle as part of the photorespiratory pathway, (3) being a component 
in transamination reactions between aspartate, glutamate and alanine during C4 
photosynthesis. In Chapter 3, it was shown that photorespiration increased in the heat-
stressed plants, and it was also hypothesised that the C4 cycle involving aspartate as 
the carbon shuttle increased under heat. Further experiments should be carried out to 
pin-point the reason for reduction in 2-OG, as well as citrate and succinate, in the heat-
stressed plants. 
4.3.3 Factors contributing to increased respiratory flux in the heat-stressed plants 
In this experiment, both physiology and molecular evidence suggest an up-
regulation of the respiratory pathway in the heat-stressed plants. Up-regulation of 
respiration by increasing respiratory capacity is commonly observed in plants 
acclimated to cold temperature, not heat. What factors are likely to contribute to the 
increase in respiratory flux and capacity here in the heat-stressed plants? According 
to Atkin et.al. (2005), factors that may contribute to the extent of respiratory acclimation 
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are (1) Substrate availability, (2) demand for ATP, (3) reactive oxygen species 
production (Atkin et al., 2005b). The following discussion will address these three areas. 
4.3.3.1 Substrate availability 
Respiration has been shown to respond to substrate availability, that is, the 
amount of soluble sugars in the tissue. An increase in the amount of soluble sugar can 
lead to an increase in respiration (Atkin et al., 2000b, Covey-Crump et al., 2002). In 
heat-stressed S. viridis, the amount of sucrose, fructose and glucose increased 
significantly (Figure 4.3). The increase in sucrose level in the leaves of the heat-
stressed plants during the day may be a result of (1) increased synthesis or (2) 
decreased translocation to sink tissues. The possible reasons for increased sucrose 
accumulation will be discussed in more detail in the next chapter. The increases in the 
levels of glucose and fructose could be a result of increases in sucrose and sucrose 
breakdown. The significant up-regulation of vacuolar invertase at the transcript and 
protein level (Figure 4.3) suggest that there is an increase in sucrose degradation and 
accumulation of hexose sugars inside the vacuole. The increased levels of hexose 
sugars (particularly glucose) can act as signal that up-regulates the expression of 
respiratory genes in the glycolysis and the TCA cycle (Stitt et al., 1991, Xiong et al., 
2013a). Taken together, the results of this experiment suggest that the inherent 
increase in respiration with increasing temperature, and the induction of respiratory 
genes in response to increased levels of soluble sugars, may have led to high 
respiration rates in the heat-stressed plants. 
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4.3.3.2 Demand for ATP 
A change in the demand for ATP as growth temperature changes is thought to 
contribute to respiratory acclimation (Atkin et al., 2005b). Cytosolic processes such as 
sucrose synthesis, protein synthesis, protein folding, active ion transport all require the 
use of ATP provided by mitochondrial respiration (Goh et al., 2004). The glycolytic flux 
in E.coli has been shown to respond to the demand for ATP (Koebmann et al., 2002). 
However, the production of ATP and flux through glycolysis/TCA cycle can be 
decoupled in plants due to the existence of AOX and UCPs as part of the mitochondrial 
electron transport chain. It is tempting to speculate that the demand for ATP in the 
cytosol increased in the heat-stressed plants due to increase in sucrose synthesis and 
demand for maintenance and repair processes such as protein folding and protein 
repair. However, despite an up-regulation of glycolysis and the TCA cycle, the amount 
of total ATP generated through mitochondrial electron transport could not be 
ascertained in this study without measuring relative contribution of the cytochrome 
oxidase pathway and the AOX pathway. The expression levels of most of the genes 
encoding for subunits of Complex I, II, III & IV did not change significantly or 
consistently under heat stress, but the mRNA expression of two AOX1A isoforms was 
increased, and there was significant increase in UCP1 protein level (Figure 4.5). This 
could indicate that the activity of AOX and UCP might be higher, affecting the efficiency 
of ATP production so that no excess ATP was produced even with higher flux through 
glycolysis and the TCA cycle. However, since the activities of mitochondrial electron 
transport complexes are largely regulated post-transcriptionally (Jacoby et al., 2012), 
further experiments will be required to determine whether ATP production was also 
increased in the heat-stressed plants. 
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4.3.3.3 Responding to ROS production 
The production of ROS commonly increases under stress conditions. The 
chloroplastic and mitochondrial electron transport chains are the major sources of ROS 
(Apel and Hirt, 2004b, Tripathy and Oelmüller, 2012). In the mitochondria, Complex I 
and the ubisemiquinone in Complex III are the major sites of ROS production (Turrens, 
2003). It has been shown that heat shock induces ROS production in plant 
mitochondria (Fedyaeva et al., 2014, Vacca et al., 2004, Zhang et al., 2009, 
Schwarzländer et al., 2012). The exact mechanisms for induction of ROS production 
under heat are unknown, but a possible role for mitochondrial inner membrane 
hyperpolarization has been raised (Fedyaeva et al., 2014).  The production of H2O2 
under heat serves important signalling functions for the induction of heat shock protein 
expression (Larkindale and Knight, 2002, Volkov et al., 2006). The degree of oxidative 
stress in the heat-stressed S. viridis was not directly assessed in this experiment. 
However, transcriptomics analysis showed significantly increased expression of genes 
involved in ROS detoxification (such as APX, SOD) (Figure 4.6), and metabolomics 
analysis showed increased accumulation of the antioxidants, ascorbate (3.22 fold, p = 
0.11) and a-tocopherol (5.62 fold, p = 0.0004) in the heat-stressed plants, suggesting 
an increase in ROS production under heat. As a consequence of ROS production, 
mechanisms that help limit ROS are also activated. It is commonly agreed, that the 
induction of AOX and UCP helps to restrict ROS production under stress by dissipating 
the excessive proton gradient (Møller, 2001). In agreement with this view, the 
expression of AOX1A and UCP1 was up-regulated in the heat-stressed plants (Figure 
4.5).  
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The mitochondrion is thought to contribute to the maintenance of whole cell 
redox homeostasis. In particular, the increase in AOX expression under stress has 
been suggested to play a role in reducing the redox potential of the chloroplast thereby 
preventing oxidative stress (Dutilleul et al., 2003, Atkin et al., 2005a, Dahal et al., 2014, 
Watanabe et al., 2016, Zhang et al., 2017b). Photoinhibition of PS II occurs under 
stress conditions such as high light and high temperature, causing increased 
production of ROS and restriction of electron flow. The mechanism of photoprotection 
of PS II by the AOX pathway has been thought to involve the operation of the “malate 
shuttle”, which transfers excessive reducing equivalents from the chloroplast to the 
mitochondria by the malate/OAA shuttle, preventing over-reduction of the PS I 
acceptor side and the chloroplast stroma, thereby limiting ROS production (Scheibe et 
al., 2005, Foyer and Shigeoka, 2011). The malate can then be oxidized in the 
mitochondria by the respiratory pathway, and to cope with increasing amount of malate, 
increased respiratory flux would be required (Atkin et al., 2005a). If this is the case, the 
increase in respiratory flux and capacity in the heat-stressed plants in this study might 
be linked to increased demand for the oxidation of malate produced by the chloroplast. 
However, emerging evidence suggests that photoprotection on PS II by AOX is 
conferred through its role in photorespiration but not the “malate shuttle” – AOX 
maintains photorespiratory flux by dissipating the NADH produced from glycine 
decarboxylation, therefore ensuring removal of glycolate, which is toxic to PS II 
(Watanabe et al., 2016, Zhang et al., 2017b). Consequently, it was suggested that AOX 
does not contribute to photoprotection of PS II in C4 plants due to low photorespiration 
(Zhang et al., 2017b). However, in this study, photorespiration has been shown to be 
increased in the heat-stressed plants (Chapter 3), so questions remain whether the 
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up-regulation of AOX plays a role in PS II photoprotection in C4 plants under conditions 
of increased photorespiration, and how this increase in photorespiration could be 
linked to increase in respiratory flux. Increases in AOX expression at the transcript 
level should be interpreted with caution, because the amount of protein and activity 
would not necessarily reflect the increase in transcript abundance. Therefore, a direct 
assessment of the activity of AOX would be required to explore this aspect further.  
4.4 Conclusion and future perspectives 
The results in this chapter demonstrated that the rates of respiration in the heat-
stressed S. viridis plants were higher than the control plants at their respective 
growth temperatures. Thermal acclimation did not occur in the heat-stressed plants, 
rather, the behavior of respiration was similar to cold-acclimated plants. Specifically, 
the amount of glycolytic and TCA cycle enzymes increased under heat, and the day-
time respiratory flux was increased. The most obvious candidate as a cause for this 
increase in respiration was the increase in soluble sugars (sucrose, glucose and 
fructose) in the heat-stressed plants. It is not clear whether this increase in 
respiration would provide beneficial interactions with photosynthetic metabolism 
under heat. Would the up-regulation of AOX expression lead to photoprotection of PS 
II? What role would the up-regulation of mitochondrial metabolism play in maintaining 
cellular redox homeostasis? Future experiments are needed to investigate these 
questions. It has been well established that, in C3 plants, respiratory metabolism is 
tightly linked to photorespiration and nitrogen assimilation (Tcherkez et al., 2012). 
Given that photorespiration is largely suppressed in C4 plants, it will be interesting to 
see whether the proved role of respiration in photoprotection from oxidative stress 
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still holds in C4 plants. Fluxomic experiments in C4 plants are further complicated due 
to the fact that respiratory C4 acid flux are closely linked to C4 photosynthetic flux. 
Subcellular fractionation may also be needed with metabolite measurements to 
detangle the interactions of respiration and other metabolic processes.  
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Figure 4.1 Potential interactions between the C4 photosynthetic pathways and the 
mitochondrial respiratory process in (A) NADP-ME- (B) NAD-ME- and (C) PEPCK-
type of C4 plants. Flexibility in the type(s) of pathway used for photosynthesis exist in 
plant species and it is not shown here. Metabolic processes that can interact are 
highlighted in red: (1) OAA produced by PEPC reaction in the cytosol can be 
converted by cytosolic malate dehydrogenase to Mal, and then enter the TCA cycle 
inside the mitochondria; (2) the decarboxylation of Mal to produce Pyr and CO2 is 
catalyzed by the mitochondrial NAD-dependent malic enzyme (NAD-ME) in NAD-ME-
type C4 pathway, this process can occur as part of respiration for replenishment of 
TCA cycle intermediates; (3) the conversion of OAA to Mal is carried out by 
mitochondrial malate dehydrogenate (mMDH), in NAD-ME-type C4 pathway, this step 
is common to part of the day-time TCA cycle reaction. The green organelles are 
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chloroplasts and the blue organelles are mitochondria. Metabolite abbreviations: 
OAA, oxaloacetate; Asp, aspartate; Ala, alanine; Pyr, pyruvate; Mal, malate; PEP, 
phosphoenolpyruvate. 
 
 
 
 
 Source of Variation P-value 
Rd Growth Temperature 2.09E-01 
Measurement Temperature 8.61E-15 
Growth Temperature X Measurement 
Temperature 
4.03E-01 
 
 
Figure 4.2 Short-term temperature response of dark respiration (RCO2) in the 
control (black circle) and heat-stressed (black triangle) S.viridis plants (A) and two-
way ANOVA statistical analysis (B). A second-order polynomial line of best fit is 
drawn through the data points. Measurements were conducted at the end of a night 
cycle and at an ambient CO2 concentration of 380 µmolmol-1. (n = 4). 
 
 
 
 
A. 
 
B. 
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Table 4.1 Calculation used to assess the degree of thermal acclimation of dark 
respiration. The degree of respiratory acclimation was calculated using the three 
methods described by Loveys et.al.(2003). When AcclimHomeo ≥ 1, acclimation has 
occurred, and the greater the value the higher the degree of acclimation. High 
AcclimSetTemp indicates higher degree of acclimation. When AcclimRecovery = 1, full 
acclimation (recovery) has occurred. The Q10 values for various temperature intervals 
were also calculated and shown here.  
 
 
 
 
 
 
 
 
 
 
 Growth Conditions 
 28 °C/22 °C 42 °C/32 °C 
AcclimHomeo = Rgrowth_cold / Rgrowth_hot 0.46  
AcclimSetTemp = R25ºC_cold / R25ºC_hot 0.78  
AcclimRecovery = (R28ºC_cold – R28ºC_hot) / 
(R42ºC_hot – R28ºC_hot) 
-0.18  
Q10 (25/20 ºC) 1.48 ± 0.22 
 
1.86 ± 0.45 
 
Q10 (30/20 ºC) 1.58 ± 0.26 
 
2.06 ± 0.28 
 
Q10 (35/20 ºC) 1.76 ± 0.18 
 
1.88 ± 0.18 
 
Q10 (40/20 ºC) 1.88 ± 0.05 
 
1.71 ± 0.13 
 
Q10 (42/20 ºC) 1.86 ± 0.14 
 
1.84 ± 0.20 
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Figure 4.3 Transcript and protein levels of genes involved in the glycolysis 
pathway and the TCA cycle, and the associated metabolite levels, in response to 
heat stress. For each gene, the transcript and protein fold-changes (Heat Vs Control) 
in log2 scale are shown in colored boxes, where “T” designates the change in 
transcript level and “P” designates protein level. The color scale can be found on the 
top left corner. Where there are multiple isoforms of a gene, the most abundant 
isoform (at the transcript level) is marked with a star (*). The numbers are in red color 
when the change is significant (p<0.05), non-significant fold changes are in black. 
Metabolites associated with the pathways that were detected by GC-MS were shown 
in color codes, where red indicates significant decrease (p<0.05), blue indicates 
significant increase (p<0.05), orange indicates decrease with 0.05< p <0.1, and black 
indicates no significant changes. Metabolites not detected were shown in grey. “N/A” 
indicates the protein was not detected for that gene. Abbreviations used: INV, 
invertase; HXK1, hexokinase 1; PGI, glucose-6-phosphate isomerase; PFK, 
phosphofructokinase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; PGK, 
phosphoglycerate kinase; IPGAM, 2,3-bisphosphoglycerate-independent 
phosphoglycerate mutase; ENO, enolase; mPDH, mitochondrial pyruvate 
dehydrogenase; mCS, mitochondrial citrate synthase; ACO, aconitase; IDH, 
isocitrate dehydrogenase; SDH, succinate dehydrogenase; FUM, fumarase; mMDH, 
mitochondrial malate dehydrogenase. 
 
 
Table 4.2 Details of the expression changes for glycolysis and TCA cycle 
genes. All isoforms are shown in the table with their cell preferential localization 
information. The most highly expressed isoform(s) (based on “Transcript Mean 
Count”) which were shown in Figure 4.3, are highlighted yellow. “Transcript Log2” 
and “Protein Log2” indicate the log2 ratios between Heat-stressed/Control samples.  
 
Cell 
Preference 
Gene name Transcript 
ID 
Transcript 
Mean 
Counts 
Transcript 
Log2 
p-value Protein 
Log2 
p-value 
M PFK si006294m 1693.01 -0.33 1.07E-01   
M PFK (plastid) si013555m 110.13 1.11 9.53E-05   
BS PFK si013428m 693.79 0.43 1.17E-01   
BS PFK si029223m 56.81 -0.25 5.68E-01   
 PFK si006156m 771.95 0.36 2.44E-01   
 PFK si016669m 858.94 1.70 7.99E-14   
BS PFK (plastid) si006066m 1420.53 0.67 3.90E-03   
BS PFK (plastid) si035152m 521.71 -0.52 3.72E-02   
 cytoplasmic 
Aldolase 
si006745m 4176.98 -1.55 4.54E-15 0.59 2.68E-
02 
 GAPC1,cytosolic si017082m 217.76 -0.33 2.47E-01 -0.25  
BS GAPC2 si017360m 395.70 -0.11 6.12E-01 0.33 5.94E-
01 
 PGK si006583m 480.29 2.05 6.15E-19   
 IPGAM1 si017267m 70.79 0.28 6.26E-01 0.00 6.01E-
01 
 IPGAM1 si034948m 163.09 5.53 3.54E-11 0.00  
 IPGAM2 si000789m 5581.03 -0.75 4.39E-04 0.00  
BS ENO1 si029698m 25.95 -0.09 1.00E+00 0.83 1.19E-
02 
M ENO2 si006427m 3694.91 0.27 4.10E-01 0.83  
BS ENO2 si022050m 3991.85 0.68 3.37E-03 0.24 6.35E-
01 
BS pyruvate kinase si001079m 155.36 0.25 4.85E-01   
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BS pyruvate kinase si021784m 4881.29 0.05 1.00E+00 0.78 8.00E-
03 
BS pyruvate kinase si039110m 14.02 -0.58 2.21E-01   
BS PK (plastid) si035039m 51.45 2.30 2.06E-11   
M PK (plastid) si000796m 91.39 -0.60 8.60E-02   
M PK (plastid) si034889m 296.63 1.05 1.77E-05   
 ACO3 si013192m 13870.28 0.84 3.96E-05 1.52 6.51E-
03 
 ACO3 si032453m 2.05 1.50 4.94E-01   
BS ACO3 si034082m 8452.45 0.35 7.72E-02 1.19 5.55E-
04 
 IDH1 si009945m 556.93 1.33 7.39E-09 0.94  
BS IDH1 si010358m 203.48 -0.89 2.57E-04 0.54  
BS IDH1 si017536m 401.43 -0.22 5.24E-01 1.21 4.68E-
02 
BS IDH si001950m 741.20 -0.13 7.65E-01   
 Succinyltransferase si017215m 187.70 -2.55 2.74E-27 0.75 4.91E-
02 
 Succinyl-CoA 
ligase beta subunit 
si017316m 67.05 0.09 1.00E+00 0.79 2.49E-
01 
BS Succinyl-CoA 
ligase alpha 
subunit 
si030465m 0.00 NA NA 0.57 5.27E-
01 
BS 2-OG 
dehydrogenase 
si009245m 4219.28 -0.04 9.52E-01   
BS 2-OG 
dehydrogenase 
si028803m 83.43 -0.51 8.68E-02   
BS SDH2-2 si013827m 101.13 0.26 5.37E-01 0.56 5.57E-
02 
BS SDH1-1 si015821m 2089.28 0.63 7.41E-03 1.06 2.29E-
03 
 SDH3 si031551m 114.69 -0.17 7.40E-01   
 SDH2-3 si032812m 0.00 NA NA   
BS SDH1-1 si034721m 264.44 1.47 1.15E-09 1.06  
BS fumarase 1 si035345m 507.72 0.17 4.93E-01 0.64 1.01E-
01 
BS mMDH1 si022574m 960.55 0.57 2.50E-02 0.60 1.76E-
02 
 HXK1 si001129m 761.86 0.88 2.44E-04 0.60 7.91E-
02 
 HXK1-LIKE si001164m 188.88 0.42 1.95E-01   
 HXK1 si021809m 575.56 -0.07 8.91E-01   
BS mPDH.E1 si007586m 70.93 1.72 1.21E-08   
BS mPDH.E1 si008790m 50.62 2.66 1.54E-13   
BS mPDH.E1 si018548m 585.42 -0.98 1.54E-05 0.11 2.19E-
01 
 mPDH.E1 si013566m 2358.91 -0.97 1.49E-05 0.83  
 mPDH.E1 si030212m 705.40 -0.31 2.76E-01   
 mPDH.E1 si035817m 1117.29 -0.16 7.11E-01   
 mPDH.E2 si035666m 418.71 -0.17 6.00E-01 0.94 5.52E-
02 
 mPDH.E2 si029802m 182.06 0.36 3.39E-01   
BS mPDH.E2 si016850m 2123.93 -0.06 9.43E-01 0.79 2.45E-
02 
 mPDH.E2 si010046m 178.66 0.62 2.49E-02 0.94  
 mPDH.E3 si000849m 159.47 1.69 1.42E-10 -0.41  
BS mPDH.E3 si001653m 1011.29 -0.82 2.48E-04 0.44 8.66E-
02 
BS citrate synthase si017002m 2000.75 0.57 2.38E-03 1.52 2.25E-
03 
 PEPC3 si016228m 1571.10 0.20 5.57E-01 0.94  
 PEPC3 si000160m 1755.68 0.38 3.95E-01 0.42  
 PEPC1 si028826m 2795.75 0.47 7.93E-02   
 PEPC1 si000184m 30.68 -1.86 1.19E-03 0.42  
BS NAD-ME1 si029215m 1270.35 -0.45 5.98E-02 2.29  
BS NAD-ME2 si034747m 1015.86 -0.53 2.47E-02 0.98 1.17E-
02 
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Figure 4.4 Response of genes involved in the oxidative pentose phosphate 
pathway to long-term heat stress. For each gene, the transcript and protein fold-
changes (Heat Vs Control) in log2 scale are shown in colored boxes, where “T” 
designates the change in transcript level and “P” designates protein level. The color 
scale can be found on the bottom right corner. The numbers are in red color when 
the change is significant (p<0.05), non-significant fold changes are in black. “N/A” 
indicates the protein was not detected for that gene.For genes with multiple isoforms, 
the isoforms are shown in order of transcript abundance from top down. 
Abbreviations: G6PDH, Glucose-6-phosphate dehydrogenase; PGL, 6-
Phosphogluconolactonase; PGD, 6-Phosphogluconate dehydrogenase; RPI, Ribose-
5-phosphate isomerase; RPE, Ribulose-5-phosphate epimerase; TKL, 
Transketolase; TAL, Transaldolase; PGI, Glucose-6-phosphate isomerase. 
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Figure 4.5 Expression of genes of the mitochondrial electron transport chain 
under heat stress at the transcript and protein level. For each gene, the transcript 
and protein fold-changes (Heat Vs Control) in log2 scale are shown in colored boxes, 
where “T” designates the change in transcript level and “P” designates protein level. 
The color scale can be found on the top right corner. The numbers are in red color 
when the change is significant (p<0.05), non-significant fold changes are in black. 
“N/A” indicates the protein was not detected for that gene. The genes were grouped 
in accordance with the protein complex they belong to. Abbreviations: AOX, 
alternative oxidase; CYCT, cytochrome C; COX, cytochrome oxidase; UCP, 
uncoupling protein.  
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Figure 4.6 Response of genes involved in oxidative stress to long-term heat 
stress in S.viridis. (A) the ascorbate-glutathione pathway and (B) other genes 
involved in oxidative stress response. For each gene, the transcript and protein fold-
changes (Heat Vs Control) in log2 scale are shown in colored boxes, where “T” 
designates the change in transcript level and “P” designates protein level. The color 
scale can be found on the top right corner. The numbers are in red color when the 
change is significant (p<0.05), non-significant fold changes are in black. “N/A” 
indicates the protein was not detected for that gene. Abbreviations used: APX, 
ascorbate peroxidase; MDHAR, monodehydroascorbate reductase; DHAR, 
dehydroascorbate reductase; GR, glutathione reductase; GST, glutathione 
transferase; GRX, glutaredoxin; PRX, peroxiredoxin; GPX, glutathione peroxidase; 
TRX, thioredoxin. 
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Figure 4.7 The 
level of protein oxidative stress damage under a heat 
time course as measured by protein carbamylation level. Total leaf protein was 
extracted from leaf samples collected before heat stress (Day 0), and 1, 2, 3, 4, 6, 11 
and 13 days after transferring to the high temperature chamber (42°C day/32°C 
night). Protein was run on a SDS-PAGE gel and protein carbamylation level was 
detected using a protein OXYBLOTä kit, as an indication for protein oxidative stress 
damage caused by ROS. The top and the bottom panel show images of the same gel 
exposed for different amount of time on the imaging platform. 
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5 The effect of high temperature on carbon and nitrogen 
metabolism 
Highlights: 
 
• Transitory starch accumulated in both M and BS cells under normal growth 
conditions in the NADP-ME-type plant S. viridis 
• High temperature resulted in a shift in carbon partitioning. Heat-stressed 
plants accumulated high levels of soluble sugars while experienced a 
decrease in transitory starch accumulation 
• Accumulation of sucrose in the leaves under heat was a result of increased 
sucrose synthesis and decreased phloem loading. The reduction in phloem 
loading capacity may have contributed to stunted growth of the heat-stressed 
plants. 
• Leaf total nitrogen content increased in the heat-stressed plants, while genes 
involved in NO3- assimilation pathways were down-regulated. 
• Glutamate and aspartate levels decreased while most other amino acid levels 
stayed unchanged in the heat-stressed plants. 
• The protein synthesis pathway was characterized by transcriptional up-
regulation of ribosomal protein expression while a decrease at the 
corresponding protein levels was observed. 
 
 
5.1 Introduction 
In the previous two chapters, the effects of long-term heat stress on the primary 
metabolisms in S. viridis were examined, including leaf photosynthetic and 
respiratory characteristics. The results showed that leaf photosynthetic rates at the 
higher temperature of 42 ºC were comparable to rates at 28 ºC (Chapter 3), and the 
rates of respiration were higher at the new high growth temperature and there was an 
absence of thermal acclimation (Chapter 4). In this chapter, the effects of high 
temperature on carbon and nitrogen metabolism will be explored from the same 
experiment.  
Chapter 5 Carbon and Nitrogen metabolism under high temperature 
 
 
 
161 
The products of photosynthesis are converted to carbohydrates for storage and 
transport. Sucrose and starch are the two main types of carbohydrates produced in 
plant leaves (Wardlaw, 1990). The carbohydrates produced during the day can be 
exported (mostly in the form of sucrose) through the phloem to sink tissues to be 
used to provide energy that supports cell growth and division. Alternatively, the 
sugars can be consumed locally by respiration to generate ATP and NADH that 
support a range of cellular functions, such as protein synthesis and repair. The 
synthesis of sugars and starch is regulated by the rates of photosynthesis, which 
determines the amount of photosynthate produced that is available for carbohydrate 
synthesis. The breakdown of starch during the night provides a sustained source of 
substrates for cellular respiration. The amount of starch synthesised during the day is 
carefully titrated against the length of day and night, and is tightly regulated by the 
circadian rhythms (Smith et al., 1997). In addition to the roles of providing substrates 
for respiration and other anabolic processes in the cell, sugars can serve as powerful 
signalling molecules that provide a read-out of the cellular energy status, 
programming cell growth and development through both transcriptional and post-
transcriptional regulations (Rolland et al., 2002, Rolland et al., 2006, Koch, 2004). 
Therefore, understanding plant carbohydrate metabolism under different conditions 
and its roles in regulating plant function and growth is critical for identifying targets for 
crop improvements. 
Apart from light, water and CO2, plants also require nitrogen for growth and 
development. Nitrogen is required for the synthesis of amino acids, nucleotides and a 
range of nitrogen containing secondary metabolites.  Amino acids are used to 
synthesise proteins, which are the building blocks of cells. Plants acquire nitrogen by 
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assimilating inorganic nitrogen in the soil, in the form of NO3- (nitrate) or NH4+ 
(ammonium). The assimilation of NH4+ mainly takes place in the root, although small 
amounts of NH4+ have been shown to be transported and assimilated in the leaves. A 
large proportion of NO3-, however, is assimilated in the shoot (Xu et al., 2012, Lewis 
and Chadwick, 1983, Murphy and Lewisf, 1987). This could be attributed to the fact 
that reduction of NO3- requires reducing power in the form of NAD(P)H and reduced 
ferredoxin, and the main source for reductant is the photosynthetic electron transport 
chain inside the leaf chloroplast. The reduction of NO3- produces NO2-, which is 
further reduced to yield NH4+, which is then assimilated to make amino acids by the 
GS-GOGAT cycle (Lea and Miflin, 1974, Lea and Forde, 1994). Plant can 
accumulate a high concentration of NO3- inside the leaf vacuoles without it having 
toxic effects, whereas the accumulation of high levels of NH4+ is detrimental. 
Therefore, the reduction of NO3- is a highly regulated process, it has been shown that 
light, ATP, sugars etc. can all regulate nitrate reduction (Solomonson and Barber, 
1990, Krapp, 2015, Plett et al., 2016, Frungillo et al., 2016, Kaiser and Huber, 2001). 
Like sugar, NO3- has been shown to be a signalling molecule that could direct 
programs of plant growth and metabolism, independent of the process of its 
reduction (Crawford, 1995, Stitt, 1999, Hachiya and Sakakibara, 2016). The re-
distribution of nitrogen into different parts of the plant tissues can be also achieved 
through the transport of amino acids.  Glutamate, glutamine, aspartate and 
asparagine are the main amino acids involved in nitrogen remobilization (Masclaux-
Daubresse et al., 2010). 
Plant carbon and nitrogen metabolism are intimately connected. The 
incorporation of NH4+ into amino acids, requires the use of carbon backbone, 2-OG, 
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which is synthesised in the TCA cycle (Huppe and Turpin, 1994). This requirement 
forms direct competition with the synthesis of carbohydrates for triose phosphate, 
which is to be used for sucrose synthesis. In addition to competition for carbon 
backbone, NO3- reduction and NH4+ assimilation also compete with carbon 
assimilation for reducing power, as both reactions require the use of reductants 
(Huppe and Turpin, 1994, Nunes-Nesi et al.). The competition for reductants 
becomes particularly pronounced under conditions of low light or oxidative stress, 
where production of reductant would be restricted. Hence, nitrogen assimilation and 
carbohydrate synthesis must be finely controlled and balanced to satisfy the overall 
requirements for plant growth and development (Foyer et al., 2001, Paul and Foyer, 
2001, Nunes-Nesi et al.).  
The pathways for the synthesis of sucrose/starch, and nitrogen assimilation are 
generally thought to be very similar in C3 and C4 plants, although cell-specific 
compartmentation of processes have been observed in C4 plants (Lunn and Furbank, 
1999, Furbank et al., 1985, Plett et al., 2016, Moore and Black, 1979). In the 
following sections, an introduction to each pathway will be given, with a focus on C4-
specific characteristics. 
 
5.1.1 Carbohydrate metabolism in C4 plants 
5.1.1.1 Sucrose synthesis 
The substrate for sucrose synthesis, triose phosphate (trioseP), is a product of 
photosynthetic carbon fixation and an intermediate of the CBB cycle. During C4 
photosynthesis, 3-PGA is produced by the Rubisco carboxylation reaction inside the 
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BS cells. Due to the relative lack of reducing power (NADPH), as a result of low PS II 
linear electron transport activity inside the BS cells in NADP-ME-type C4 plants, a large 
proportion of the 3-PGA produced diffuses down a concentration gradient into the M 
cells, where it is reduced to trioseP (and then into DHAP), with the consumption of 
NADPH (Furbank and Leegood, 1984, Hatch, 1987, Edwards et al., 2001)(Figure 5.1). 
A high concentration of trioseP is found inside the M cells and it diffuses back into the 
BS cells to re-enter the CBB cycle (Furbank and Leegood, 1984). Genes encoding for 
enzymes involved in the reduction of 3-PGA (including PGK, GAPDH and TPI) have 
been shown to be preferentially expressed in the M cells in S. viridis (John et al., 2014).  
The cell-specific compartmentation of sucrose synthesis has been mainly 
demonstrated in the C4 crop maize (Lunn and Furbank, 1999). A number of studies 
have shown that photosynthesis-led sucrose synthesis almost exclusively takes place 
in M cells in maize. This is supported by evidence that (i) the expression of sucrose 
phosphate synthase (SPS) and its activity preferentially localised to M cells (John et 
al., 1973, Usuda and Edwards, 1980, Furbank et al., 1985, Ohsugi and Huber, 1987, 
Cheng et al., 1996, Lunn and Furbank, 1997), (ii) the cytosolic Fructose-1,6-
bisphosphatase (cFBP) and sucrose phosphate phosphatase (SPP) also preferentially 
expressed in M cells (John et al., 1973), (iii) enrichment of 14C in sucrose during 14CO2 
labelling almost exclusively occurred in M cells (Furbank et al., 1985). However, the 
compartmentation of sucrose synthesis in M cells has been shown to be species-
dependent. Many C4 species examined had a significant amount of SPS activity in both 
cell types, although the SPS detected in BS cells may be associated with sucrose re-
synthesis after starch breakdown at night, before the export of sucrose to sink tissues 
(Chen et al., 1974, Mbaku et al., 1978, Ohsugi and Huber, 1987, Lunn and Furbank, 
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1997). It is not very clear how preferential synthesis of sucrose in M cells offer any 
advantages to the plant. It has been argued that, since it is important to maintain the 
diffusion gradient of trioseP across the two cell types to sustain the CBB cycle, 
withdrawing trioseP from the top of its concentration gradient (inside the M cells) offers 
some advantages in the ease of regulating sucrose synthesis in response to different 
photosynthetic rates (Stitt and Heldt, 1985). Alternatively, complex and differential 
regulation of cFBP would have to be evolved to fine tune the amount of tioseP taken 
out of the CBB cycle in both cell types.  
Apart from the species-dependent cell-specific synthesis of sucrose, the steps 
and enzymes involved in the pathway are essentially the same as that in C3 species 
(see Figure 5.5 for details) (Lunn and Furbank, 1999). One key feature of the pathway 
is the production of Pi at multiple steps by reactions catalyzed by cFBPase, UGP2 and 
SPP. The Pi produced is pumped back into the chloroplast in exchange for trioseP by 
the phosphate translocator (Weber and von Caemmerer, 2010). The conversion of 
glucose-1-phosphate to UDP-glucose consumes one UTP (uridine triphosphate), and 
the subsequent regeneration of UTP from UDP consumes one ATP (Lunn and Furbank, 
1999). The synthesis of sucrose is controlled mainly through the regulation of two 
enzymes in the pathway: cFBPase and SPS. The cFBPase catalyzes the conversion 
of F-1,6-P to F-6-P, which is the first irreversible step that commit F-1,6-P to sucrose 
synthesis (Stitt and Heldt, 1985). The SPS is responsible for the synthesis of sucrose-
6-phoshphate, which is later dephosphorylated by SPP to produce sucrose. Regulation 
of cFBPase and SPS are achieved through multiple mechanisms including allosteric 
regulation and post-translational modifications (Lunn and Furbank, 1999).  
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Sucrose synthesised diffuse into BS cells before entering the phloem for 
transport to sink tissues (Giaquinta, 1983). Two mechanisms are responsible for 
sucrose phloem loading: i) diffusion down a concentration gradient through the 
plasmodesmata (Botha et al., 2000) and ii) sucrose transporters such as the SWEETs 
and SUC family of membrane transporter proteins (Lalonde et al., 1999, Chen et al., 
2012). The efficiency of sucrose phloem loading can also have a significant impact on 
plant growth (Truernit, 2001, Wind et al., 2010). 
5.1.1.2 Transitory starch synthesis 
In contrast to sucrose synthesis, starch synthesis was shown to be preferentially 
localised to BS cells in most C4 plants (Lunn and Furbank, 1997, John et al., 1973, 
Echeverria and Boyer, 1986, Spilatro and Preiss, 1987, Majeran et al., 2005b). 
Proteomics studies have shown the preferential localization of enzymes involved in 
starch synthesis in the BS cells of maize (Majeran et al., 2005b, Majeran et al., 2010). 
However, whether starch is being synthesised inside M cells seems to be also 
dependent on the growth environment and leaf developmental stage. Plants grown 
under continuous light showed presence of starch in both cell types (Lunn and Furbank, 
1999). It has also been shown that the pattern of starch accumulation in maize plant 
was different for source and sink zones of the leaf (Majeran et al., 2010). 
The functions of transitory starch and regulation of its synthesis in C4 plants is 
thought to be similar to that in C3. Starch synthesis occurs during the day to store 
excess carbon produced by photosynthesis. At night, starch degradation provides 
hexose sugars to be used as substrates for respiration, or for the re-synthesis of 
sucrose for transportation to sink tissues (Weise et al., 2011). Starch synthesis 
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responds to the rate of photosynthesis and precisely matches the day/night length 
(Weise et al., 2011).   Control of starch synthesis is mainly exerted through regulation 
on ADP-glucose pyrophosphorylase (AGPase) activity (Spilatro and Preiss, 1987, 
Hendriks et al., 2003). Two main mechanisms have been shown to modulate AGPase 
activity: (i) allosteric regulation by metabolites (Spilatro and Preiss, 1987, 
Geigenberger et al., 1998) and (ii) redox regulation through post-translational 
modification (Hendriks et al., 2003). In addition, AGPase is also known to be sensitive 
to inactivation by high temperature (Boehlein et al., 2008). The regulatory properties 
of C4 AGPase (in maize) had been studied and shown to be similar to the C3 enzyme 
(Spilatro and Preiss, 1987, Boehlein et al., 2008). In C3 plants with impaired ability to 
synthesise starch, the growth of the plants was severely stunted (Caspar et al., 1985, 
Lin et al., 1988, Weise et al., 2011). However, there is still a lack of genetic studies 
elucidating the importance of transitory starch metabolism in C4 plants. 
5.1.2 Nitrogen assimilation and metabolism in C4 plants 
A division of labor between the M and BS cells is again observed for nitrogen 
assimilation in C4 plants such as Zea mays and Digitaria sanguinalis (Moore and Black, 
1979, Rathnam and Edwards, 1976, Harel et al., 1977, Amiour et al., 2012). Nitrate is 
transported to the leaf from the root with the transpiration stream for reduction and 
assimilation. The reduction of nitrate (NO3-) to nitrite (NO2-) by nitrate reductase (NR), 
and the reduction of nitrite (NO2-) to ammonium (NH4+) by nitrite reductase (Ruvinsky 
et al.) occurs exclusively inside M cells (Figure 5.2). This is evidenced by the restriction 
of NR and NIR activities in M cells in a number of C4 species (Moore and Black, 1979, 
Rathnam and Edwards, 1976, Harel et al., 1977). However, there is no clear evidence 
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for the cell-specific compartmentation of NH4+ assimilation, carried out by the GS-
GOGAT cycle. The enzymes glutamine synthase (GS) and glutamate synthase (either 
Fd-GOGAT or NADH-GOGAT) were found to be active in both cell types in maize 
(Harel et al., 1977, Becker et al., 2000). The restriction of nitrate and nitrite reduction 
to M cells in NADP-ME-type C4 plants is most likely an adaptation to the differential 
distribution of PS I and PS II in the two cell types. While BS cells is enriched in PS I for 
carrying out cyclic electron transport to generate ATP, they do not produce the 
reductants NADPH due to a lack of PS II and linear electron transport, and they rely 
on the import of malate for reductants. M cells contain both linear and cyclic electron 
transport components and are the main site of reductants production. Thus, the 
reduction of nitrate and nitrite which requires reductants, would preferentially localise 
in the M cells. As for ammonium assimilation, the presence of photorespiration in BS 
cells, albeit very low in C4 plants, justify the presence of GS-GOGAT cycle activity in 
BS cells.  
C4 plants are known to have higher leaf level nitrogen use efficiency than C3 
(Sage et al., 1987, Oaks, 1994). This is mainly manifested in the reduced need to 
produce large amounts of Rubisco for carbon fixation compared to C3, as a result of 
the carbon concentrating mechanism and reduced photorespiration. The 
compartmentation of the nitrate reduction reactions, together with diminishing 
photorespiration, is thought to allow more efficient flow of NO3- nitrogen to amino acids 
and protein synthesis in C4 plants (Oaks, 1994).  
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5.1.2.1 The role of photorespiration in regulating NO3- assimilation 
In C3 plants where photorespiration is high, large amounts of NH4+ is produced 
during the glycine decarboxylation reaction inside the mitochondria. The re-
assimilation/recycling of this NH4+ inside the chloroplast by reactions carried out by GS 
and Fd-GOGAT are the same sets of reactions involved in the assimilation of NH4+ de 
novo synthesised via NO3- reduction (Busch et al., 2018). However, several studies 
demonstrated that NH4+ flux due to photorespiration is one order of magnitude higher 
than that contributed by NO3- reduction in C3 plants (Keys et al., 1978, Stitt, 1999, 
Busch et al., 2018). There is evidence suggesting that photorespiration can have a 
negative impact on plant ability to reduce NO3-, particularly through regulatory effects 
on NR activities. Wheat plants grown under conditions where photorespiration was 
inhibited (high CO2) exhibited an enhanced flow of NO3- nitrogen to protein, with 
reduced accumulation of tissue NO3- (Hocking and Meyer, 1991). Several mechanisms 
were proposed for this negative interaction between photorespiration and NO3- 
assimilation: 
i) Competition for reductants: reductants required by the NR reaction can 
be provided by either NADPH produced by the chloroplast electron 
transport chain, or NADH produced by the mitochondrial respiration 
process and glycine decarboxylation, both requiring the malate/OAA 
shuttle for transfer of the reductant to the cytoplasm. Completion of 
photorespiratory cycle also requires reductant (NADH) during the 
conversion of hydroxypyruvate to glycerate inside the peroxisome, which 
is also obtained through the malate shuttle (See Figure 3.7 for detailed 
photorespiratory pathway). This suggests there could be a direct 
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competition between nitrate reduction and photorespiration for cellular 
reductants. 
ii) Restriction of carbon supply: the net synthesis of glutamate from nitrate 
assimilation is required to support synthesis of other amino acids and 
proteins. The carbon backbone for glutamate synthesis, 2-OG, is 
supplied by the TCA cycle. The NADH and NH4+ (a monovalent cation) 
produced by photorespiratory glycine decarboxylation inside the 
mitochondria have been shown to act to inhibit the activity of pyruvate 
dehydrogenase, which is responsible for the conversion of pyruvate to 
acetyl-CoA for entering into the TCA cycle (Oaks, 1994). Thus, products 
of photorespiration inhibit the entry of substrate into the TCA cycle 
therefore production of 2-OG which is required for nitrogen assimilation.  
iii) Feedback inhibition by glutamate: increase in glutamate was shown to 
lead to reduction in NR transcript expression and NR activity (Stitt et al., 
2002). The level of glutamate can be regulated by the activities of 
photorespiration. 
Given that photorespiratory nitrogen flux can potentially have a negative 
influence on plant ability to reduce NO3-, it would be expected that photorespiration 
imposes less limitations on NO3- assimilation in C4 plants, because photorespiration is 
largely diminished in C4 plants and there is a spatial separation of photorespiration (in 
BS cells) and nitrate reduction (in M cells) reactions. In fact, enhancement in NO3- 
assimilation under high CO2 was not observed in maize plants (Hocking and Meyer, 
1991). This may further offer the advantage of reduced needs to uptake and 
accumulate NO3- and to produce the NR enzymes in C4 plants which contribute to N 
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use efficiency, and this was demonstrated to be the case in maize as opposed to barley 
(Oaks, 1994).  
5.1.2.2 Complication of nitrogen metabolism by the aspartate carbon 
concentrating pathway in C4 plants  
When considering the nitrogen economy in leaves of C4 plants, the use of 
aspartate-alanine shuttle as the carbon concentrating mechanism has to be taken into 
account (Figure 5.2). The use of aspartate as the primary C4 acid formed for shuttling 
CO2 to the BS cells occurs in NAD-ME and PCK-type C4 plants, and to some extent, 
the pathway is also active in some NADP-ME-type C4 plants such as maize and 
Flaveria (Furbank, 2011). In this pathway, OAA formed from carboxylation of PEP is 
transaminated to form aspartate inside M cells. It follows by diffusion of aspartate to 
BS cells and conversion back to OAA before release of CO2, and a molecule of NH4+ 
is transferred to pyruvate forming alanine. Alanine formed inside BS cells diffuses back 
to the M cell where deamination occurs and pyruvate is re-formed for regeneration of 
PEP (Figure 5.2). This pathway involves a series of transamination reactions that 
shuttles NH4+ between aspartate, alanine, 2-OG and glutamate (Figure 5.2, also see 
Figure 3.5). Given the relative small flux of NO3- reduction compared to photosynthesis, 
the flux of NH4+ contributed by the aspartate pathway would be at least an order of 
magnitude larger than that contributed by nitrate assimilation. It is not clear how 
changes in metabolite pools dominated by the C4 carbon concentrating pathway 
(glutamate, 2-OG, aspartate, alanine) would affect nitrate assimilation.  
Aims and Strategies 
In this chapter, we examine gene and protein expression, as well as metabolite 
changes associated with carbohydrate and nitrogen metabolism under heat stress in 
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S. viridis in order to obtain a global view of changes in plant metabolism that might 
have contributed to the observed stunted growth in the heat-stressed plants. 
5.2 Results 
5.2.1 Starch content decreased, while soluble sugar content increased in the leaves 
of heat-stressed S. viridis 
The leaf starch and sugar contents in the 4-week-old S. viridis plants grown at 
28 ºC (control) or 42 ºC (heat-stressed) were measured using different techniques. 
Leaf samples were all collected at mid-day. Starch content was quantified using a 
spectrophotometric method after extraction and enzymatic digestion of the starch pellet 
(for method see 2.2.9). The heat-stressed plants accumulated significantly smaller 
amount of starch than the control on a leaf area basis (Figure 5.3 A). This result was 
further confirmed by TEM images of the leaves, showing reduced accumulation of 
starch granules inside chloroplasts of both M and BS cells in the heat-stressed plants 
compared to the control (Figure 5.6).  
The relative levels of leaf soluble sugars were measured by GC-MS, and were 
shown in units of relative intensity in Figure 5.3 and 5.4. The fold-changes of all the 
metabolites measured by GC-MS and their p-values can be found in Figure 5.12. 
Although the GC-MS method provides information on the relative concentrations of the 
same compound in different samples, the data cannot be extrapolated to compare 
absolute concentrations of different compounds, because the signal intensity also 
depends on the derivatization efficiency, which is different for each compound. The 
heat-stressed plants accumulated significantly higher levels of sucrose, glucose and 
fructose in the leaves (Figure 5.3 B-D). The level of glucose-6-phosphate did not 
Chapter 5 Carbon and Nitrogen metabolism under high temperature 
 
 
 
173 
change significantly in the heat-stressed plants compared to the controls (Figure 5.4 
A) and there was a small but significant increase in the level of fructose-6-phosphate 
(Figure 5.4 B). The levels of trehalose and raffinose also increased significantly in the 
heat-stressed plants (Figure 5.4 C & D). In addition, a number of other soluble sugars, 
including cellobiose, gentiobiose, maltose, arabinose, ribose, xylulose and mannose, 
also showed significant increased accumulation in the heat-stressed plants (Figure 
5.12). The levels of sugar alcohols including D-threitol, erythritol, sorbitol and xylitol 
also significantly increased under heat (Figure 5.12).  
Taken together, these results showed the significant accumulation of a wide 
range of soluble sugars and their derivatives in the heat-stressed S. viridis plants, 
whereas the accumulation of transitory starch significantly reduced under heat.  
5.2.2 Expression analysis of genes encoding for proteins involved in major 
carbohydrate metabolism in response to heat stress 
5.2.2.1 Localization of starch and sucrose synthesis genes 
Analysis of the expression of genes encoding for proteins involved in starch, 
sucrose, trehalose and raffinose metabolism was carried out using the transcriptomics 
and proteomics data generated for this heat stress experiment. Previous studies in 
other C4 species suggested that starch biosynthesis occurs primarily in the BS cells, 
whereas sucrose biosynthesis happens almost exclusively in M cells (Lunn and 
Furbank, 1999, Majeran et al., 2005c, Lunn and Furbank, 1997). A crosscheck was 
first carried out to identify the cell type specificity of the expressed genes involved in 
starch and sucrose synthesis using the S. viridis cell type-specific expression data 
generated by John et. al. (2014). A summary of the information is shown in Table 5.1. 
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For genes involved in starch synthesis, there was no cell type preference for the 
expression of ADP glucose pyrophosphorylase (AGPase) large or small subunit, or 
starch branching enzyme (SBE). However, the most highly expressed isoforms of 
starch synthase (SS) are all preferentially localised to BS cells (Table 5.1). This gene 
expression pattern suggests that starch synthesis may not be exclusive to BS cells in 
S. viridis. In fact, TEM images of the leaf showed an abundance of starch granules in 
both M and BS chloroplasts under normal growth conditions (Figure 5.6).  
For genes involved in sucrose synthesis, cytosolic fructose bisphosphate 
aldolase (cFBA), cytosolic fructose-1,6-bisphosphatase (cFBP), cytosolic glucose-6-
phosphate isomerase (cPGI), cytosolic phosphoglucomutase (cPGM) and UDP 
glucose pyrophosphorylase (UGP2) did not show cell type specific expression (Table 
5.1). One sucrose phosphate synthase (SPS) isoform (Si005783m) was preferentially 
expressed in M cells, while all the other four SPS isoforms did not show cell type 
specificity. It is not clear which SPS isoform is light-regulated, thus associates with 
photosynthesis-led sucrose synthesis (Lunn and Furbank, 1997). Similarly, the two 
major sucrose phosphate phosphatase (SPP) isoforms do not show cell type specificity. 
However, all sucrose synthase (SUS) genes, which are responsible for sucrose 
breakdown, are preferentially expressed in BS cells (Table 5.1). The expression 
pattern of SUS is in alignment with the preferential localisation of respiratory processes 
in BS cells, where the consumption of sucrose breakdown products (glucose and 
fructose) occur.  
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5.2.2.2 Changes in transcript and protein expression in carbohydrate 
metabolism genes under heat 
For simplicity of the diagram, Figure 5.5 used the proposed cell localization of 
processes for maize, with starch synthesis is only shown inside the BS cell and sucrose 
synthesis/breakdown is only shown inside the M cell.  
The genes involved in starch synthesis, AGPase large subunit (APL1) and small 
subunits (APS1), SS and SBE did not show significant changes at the level of protein 
abundance in the heat-stressed plants, although the transcript levels of APL1 and 
APS1 significantly decreased (Figure 5.5).  
The genes involved in sucrose synthesis, including cFBA, cPGI, cPGM, UGP2 
and SPP all increased significantly in terms of protein abundance. However, the 
transcript abundance of cFBA, cFBP and SPS significantly decreased under heat 
(Figure 5.5). The expression of SUS and vacuolar INV significantly increased under 
heat, and the protein abundance for vacuolar INV also showed significant increase. 
Together with the GC-MS data showing a significant increase in sucrose, glucose and 
fructose levels in the heat-stressed plants (Figure 5.3), this suggests that there was an 
up-regulation of sucrose synthesis as well as breakdown pathways under heat. The 
hexose sugars might be accumulating inside the vacuole as vacuolar INV was 
significantly up-regulated. 
The synthesis of trehalose-6-phosphate (T6P) has been shown to be closely 
correlated with the amount of sucrose in the cells (Paul, 2007, Figueroa and Lunn, 
2016). In the current experiment, we could not measure the level of T6P, but the level 
of trehalose significantly increased in the heat-stressed plants. However, transcript 
levels for various TPS and TPP isoforms have all decreased significantly (Figure 5.5).  
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In concert with the significant accumulation of raffinose (34.64-fold increase 
compared to control) and galactinol (3.78-fold increase) in response to high 
temperature (Figure 5.4 and Figure 5.12), the expression of galactinol synthase 1 
(GolS1), raffinose synthase and stachyose synthase were significantly up-regulated at 
the transcript level (Figure 5.7). The expression of GolS1 & 2 and stachyose synthase 
are preferentially localised to M cells. While one raffinose synthase isoform 
preferentially localised to BS cells, the other two isoforms do not show cell type 
preference (Table 5.1).  
5.2.2.3 Impact of sugar accumulation on cellular signalling 
Sugars have been found to act as signalling molecules that can have profound 
impacts on plant growth, development and response to stress (Jang and Sheen, 1994). 
Well known sugar sensors that are master regulators of cell growth and development 
include SnRK1 and TOR kinase (Rolland et al., 2006, Baena-González et al., 2007, 
Xiong et al., 2013b). The transcriptional responses of known SnRK1 and TOR target 
genes under heat stress was examined in light of the sugar accumulation. 
 Genes which expression that are known to be regulated by TOR kinase (Xiong 
et al., 2013b, Dong et al., 2015) or SnRK1 kinase (Baena-González et al., 2007) were 
previously identified. The expression changes of those genes in the heat-stressed 
plants were compared to published experimental data where TOR or SnRK1 activity 
were activated (Xiong et al., 2013b, Deng et al., 2016, Baena-González et al., 2007). 
The analysis showed a significant positive correlation (R = 0.44, p < 2.2e-16) between 
the expression profile of the heat-stressed S. viridis plants with the glucose-treated 
Arabidopsis plants in terms of TOR target genes (Figure 5.8 A). Conversely, there was 
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a significant negative correlation between the heat stress transcriptional response (in 
S. viridis) and the TOR inhibitor-treated transcriptional response (in A. thaliana) in the 
TOR target genes (Figure 5.8 B). This indicates an up-regulation of the TOR-regulated 
transcriptional response which further indicates increase in TOR activity under heat 
stress. We further compared the heat stress transcriptome with the transcriptome of 
plants having constitutively active SnRK1 (Baena-González et al., 2007). The 
expression profile of the heat-stressed plants negatively correlated with the expression 
profile of the KIN10-overexpressing plants (Figure 5.8 C). This suggests a down-
regulation of SnRK1 signalling.  
The above results were consistent with the role of sugar in stimulating TOR 
whilst inhibiting SnRK1 activity and signalling pathway. Therefore, the increase in 
sugar accumulation under heat may play a significant role in regulating the 
transcriptome response of S. viridis to stress.  
5.2.3 Changes in leaf nitrogen metabolism under heat stress 
The response of leaf nitrogen metabolism to heat stress was explored from the 
following aspects: leaf nitrogen content, leaf total protein content, amino acid profile, 
and expression of genes involved in nitrogen assimilation, amino acid 
biosynthesis/degradation and protein synthesis. 
5.2.3.1 Total leaf nitrogen content increased under heat  
The total leaf nitrogen content significantly increased in the heat-stressed plants 
(Figure 5.3 E), while there was no significant change in the total carbon content of the 
leaves (Figure 5.3 F). This resulted in a significant decrease in the leaf carbon to 
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nitrogen ratio (Figure 5.3 G). In addition, there was a small but significant increase in 
leaf total protein content (Figure 5.3 H).  
5.2.3.2 Down-regulation of genes involved in the nitrate assimilation pathway 
in the heat-stressed plants 
An analysis of the cell preferential expression of the genes involved in the nitrate 
assimilation pathway using the M and BS cell-specific transcriptome data generated 
by John et. al. (2014) suggested that nitrate reductase1 (NR1), nitrite reductase 1 
(NIR1), glutamine synthase 2 (GS2), one isoform of the NADH-dependent glutamate 
synthase (NADH-GLT1), ferredoxin-dependent glutamate synthase (Fd-GOGAT) and 
one isoform of glutamate dehydrogenase (GDH) are preferentially expressed in M cells 
(Table 5.2). This is in agreement with the reports that nitrate reduction occurs 
exclusively in M cells in maize (Rathnam and Edwards, 1976, Harel et al., 1977, Amiour 
et al., 2012).  
Ammonium assimilation by the GS-GOGAT cycle probably also occurs primarily 
in M cells since GS2 and Fd-GOGAT also preferentially expressed in M cells. The 
expression of GS1 is not cell-type specific. Given that BS cells is the main site for 
photorespiration (which increased under high temperature (see Chapter 3)), 
ammonium assimilation most likely takes place in both cell types.  
The expression of NR1, NIR1, GS1 & 2, NADH-GOGAT, Fd-GOGAT and GDH 
at the transcript level universally decreased in the heat-stressed plants (Figure 5.9). At 
the protein level, NIR reduced significantly while there were no significant changes in 
GS1 & 2 and Fd-GOGAT proteins. The significant down-regulation of genes involved 
in the nitrate assimilation pathway suggests that there might be a down-regulation of 
nitrate reduction under long-term heat stress. This result, together with the higher leaf 
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N content in the heat-stressed plants shown in Figure 5.3, suggest that there might be 
a built-up of nitrate inside the leaf, which contributed to the high leaf N content under 
heat.   
As an important part of the nitrogen economy, the metabolism of aspartate as 
part of the C4 carbon concentrating pathway showed some significant changes under 
heat stress (Figure 5.9 in red). The levels of aspartate aminotransferase (ASP-AT) and 
alanine aminotransferase (ALA-AT) proteins significantly increased under heat. 
Aspartate and glutamate significantly decreased, while there was no significant change 
in alanine level, as measured by GC-MS (Figure 5.4 E, I & M).  
5.2.3.3 Changes in amino acid metabolism 
The relative abundance of different amino acids was measured by GC-MS. 
Figure 5.4 and Figure 5.12 showed that under long-term heat stress, the pool size of 
glutamate, aspartate and serine significantly decrease in the leaves, whereas proline 
and isoleucine showed significant accumulation. All the other amino acid detected, 
including glutamine, glycine, methionine, threonine, alanine, valine, phenylalanine and 
asparagine, did not change significantly under heat. Figure 5.10 shows the synthetic 
origin of each amino acid and the transcript expression levels of genes involved in 
amino acid biosynthesis and degradation. The precursor of isoleucine (which has 
increased) is aspartate (which has decreased), and the precursor of proline (which has 
increased) is glutamate (which has decrease) (Figure 5.10). Most genes involved in 
isoleucine synthesis significantly increased in expression (Figure 5.10), which supports 
that there is an up-regulation of isoleucine synthesis under heat.  The expression of 
genes involved in the synthesis of glutamate family of amino acids, including those for 
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proline, arginine and histidine synthesis generally showed significant increase under 
heat (Figure 5.10). This suggests that the synthesis of glutamate-derived amino acid 
may have increased in the heat-stressed plants. There was also a significant up-
regulation of genes involved in the phosphoserine pathway, possibly as a response to 
reduced levels of serine in the heat-stressed plants. The expression of genes involved 
in amino acid degradation pathways did not show distinct patterns of increase or 
decrease under heat stress (Figure 5.10). 
5.2.3.4 Leaf protein metabolism  
To further investigate changes associated with nitrogen metabolism in the heat-
stressed plants, the total leaf protein content was measured and expression levels of 
genes involved in protein synthesis and ribosome biogenesis were analysed at both 
the transcript and protein level. The total leaf protein content showed small but 
significant increase in the heat-stressed plants (Figure 5.3 H). The expression of 
chloroplast and cytosolic ribosomal proteins showed interesting patterns in response 
to long-term heat stress (Figure 5.11). While the transcripts abundance of most 
ribosomal protein genes showed significant increase, the corresponding protein 
abundance generally showed decrease under heat stress. Many ribosomal proteins 
were detected to have decreased, but this change was not statistically significant. An 
examination of the proteomics data suggested that in many cases this was caused by 
either not detecting the protein in more than 3 of the 5 replicates measured, or having 
one or two outliers in the measurements. These results nevertheless indicated that the 
abundance of many ribosomal proteins tended to decrease in the leaves of heat-
stressed plants.  
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Most of the translation initiation, elongation and release factors that are 
associated with the ribosomes showed a significant increase in transcript expression 
(Figure 5.11). The protein level of EIF2A, EF-1-gamma and EF-Tu also significantly 
increased. Interestingly, genes involved in ribosome biogenesis also generally 
increased significantly at the transcript level under heat. Taken together, the 
transcriptomics results suggest that there was a significant up-regulation of expression 
of genes involved in protein translation machinery under heat-stress.   
The expression levels of genes involved in protein degradation are shown in 
Supplementary Table 1 (MapMan BinCode ‘29.5’). Overall, there were 772 genes 
involved in protein degradation pathways detected by RNASeq, out of these, 200 
genes were significantly down-regulated and 113 genes were significantly up-
regulated. The functions of some known genes playing roles in chloroplast protein 
degradation and nitrogen remobilization during leaf senescence and their expression 
levels were summarized in Table 5.3. Several genes involved in autophagy were 
significantly down-regulated, with ATG8 being the only exception that has significantly 
up-regulated under heat. The DegP1 protease significantly decreased, while other 
DegP proteases did not change in expression. One of the two SAG12 gene significantly 
decreased while the other one did not change significantly under heat stress.  
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5.3 Discussion 
5.3.1 Changes in carbohydrate partitioning under heat were characterized by 
increase in soluble sugar content and decrease in starch  
5.3.1.1 Increase in sucrose accumulation due to increased synthesis and 
decreased phloem loading 
A significant increase in accumulation of sucrose was observed in the heat-
stressed plants (Figure 5.3 B). The concentration of sucrose in source leaf tissues is 
regulated by the rate of synthesis and the rate of phloem export. The control of the rate 
of sucrose synthesis was thought to be mainly exerted through regulation of the 
activities of cFBP and SPS in both C3 and C4 plants (Lunn and Furbank, 1999). In this 
experiment, the amount of cFBA, cPGI, cPGM, UGP2 and SPP proteins, which are 
part of the sucrose synthesis pathway, all significantly increased (Figure 5.5), which is 
consistent with an increase in sucrose biosynthesis. However, there was no change in 
the amount of cFBP and SPS proteins and their transcript abundances significantly 
decreased (Figure 5.5). This highlights the importance of post-translational regulation 
of cFBP and SPS. 
The activity of cFBP is subject to allosteric regulation by the relative 
concentrations of F-1,6-P (substrate) and F-2,6-P (inhibitor) (Stitt and Heldt, 1985). 
The concentration of F-1,6-P is in turn in synthesis equilibrium with the concentration 
of trioseP, which is in turn linked to 3-PGA level. There was no information regarding 
the concentration of these metabolites in this experiment. The activity of SPS had been 
shown to increase in the leaves of potato  and soy bean  plants subjected to moderate 
high temperatures (Lafta and Lorenzen, 1995, Rufty et al., 1985). It would be 
interesting to directly measure the activities of these enzymes in the heat-stressed 
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plants to confirm their increase. The fact that both cFBP and SPS were down-regulated 
transcriptionally under high sucrose concentration in the heat-stressed plants suggests 
that there may be negative feedback regulation on the sucrose biosynthesis pathway. 
Further evidence to support an increase in sucrose biosynthesis is the increase in Pi 
level in the heat-stressed plants (Figure 5.12), because Pi is produced as a result of 
sucrose synthesis. 
The increased accumulation of sucrose in the leaves of heat-stressed plants 
could additionally be attributed by reduced phloem loading. Phloem loading of sucrose 
from the BS cells can depend on membrane sucrose transporters or symplastic 
transport via the plasmodesmata (Giaquinta, 1983, Turgeon, 1996). The expression of 
known sucrose transporters SWEET13a and SUT2 (Slewinski et al., 2009) (Bezrutczyk 
et al., 2018) significantly decreased in the heat-stressed plants (Figure 5.5). This 
suggests a reduction in the capacity of phloem loading of sucrose in the heat-stressed 
plants. In addition, impairments in sucrose transport in C4 plants has been previously 
linked to a dwarf phenotype (Russin et al., 1996, Ma et al., 2009, Slewinski et al., 2009). 
It is very likely that the observed stunted growth in the heat-stressed S. viridis plants 
was partly a result of reduced sucrose export from the leaves, and further investigation 
will need to be carried out to confirm this. 
5.3.1.2 Decreased starch synthesis due to down-regulation of AGPase activity 
under heat  
The heat-stressed plants had significantly lower level of transitory starch in the 
leaf at the mid-day time point (Figure 5.3 A), which would be a result of reduce starch 
synthesis. The rate of starch synthesis is known to be largely regulated by AGPase 
activity. Several factors might have contributed to the predicted lower AGPase activity 
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under heat stress. First, although the expression of APL1 (AGPase large subunit 1) 
and APS1 (AGPase small subunit 1) significantly decreased in the heat-stressed plants, 
their corresponding protein abundance did not change (Figure 5.5). This indicates that 
the regulation on AGPase activity is post-translational. The activities of AGPase can 
be allosterically regulated by 3-PGA (as its activator) and Pi (as its inhibitor) 
(Sowokinos, 1981, Sowokinos and Preiss, 1982, Hwang et al., 2005). The level of 3-
PGA decrease while the level of Pi increased in the heat-stressed plants, which is 
consistent with an allosteric inhibition of AGPase activity due to reduction in 3-PGA : 
Pi ratio. The same result has been observed in potato tubers treated with high 
temperature - the reduced AGPase activity was shown to be associated with a 
reduction in the level of 3-PGA (Geigenberger et al., 1998). Second, the redox 
regulation of post-translational modification of AGPase has also been shown to be 
important in regulating AGPase activity (Tiessen et al., 2002, Hendriks et al., 2003). It 
was shown that dimerization of APS under an oxidative environment led to a significant 
reduction in AGPase activity (Tiessen et al., 2002). Evidence for increased ROS 
production and oxidative stress was presented in Chapter 4, and this is consistent with 
a reduction in AGPase activity and starch synthesis. In addition, it has been shown that 
high temperature itself may cause deactivation of AGPase due to heat lability (Boehlein 
et al., 2008). Altogether, the available evidence supports a reduction in AGPase activity 
under heat stress, which would directly result in reduced starch accumulation. 
One interesting finding of the current study is that starch was found to be 
synthesised in both M and BS cells in S. viridis, which is not typical for a NADP-ME-
type C4 plant. The APL2 gene, which is preferentially expressed in M cells, was up-
regulated under heat stress, in contrast to the down-regulation of APL1 and APS genes 
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(Figure 5.5 and Table 5.1). This suggests that starch synthesis may be differentially 
regulated in the two cell types by distinct mechanisms. It will be interesting to further 
explore the regulation of starch synthesis in each of the two cell types. 
5.3.1.3 Accumulation of soluble sugars contributed to heat stress tolerance in 
S. viridis 
The heat-stressed plants accumulated a number of soluble sugars which could 
contribute to heat tolerance of the plant (Figure 5.4 and 5.12). Raffinose family 
oligosaccharides have been widely shown to be tightly linked to abiotic stress 
(particularly heat) tolerance in many plant species (Panikulangara et al., 2004) (dos 
Santos et al., 2011, ElSayed et al., 2014). It was shown that the transcription of 
galactinol synthase and raffinose synthase were highly up-regulated in Arabidopsis 
plants overexpressing heat shock transcription factor A2 or A3, and the accumulation 
of galactinol and raffinose in these plants increased tolerance against oxidative stress 
caused by methylviologen, salinity or cold (Nishizawa et al., 2008, Song et al., 2016). 
It was proposed that raffinose and galactinol protect plants from oxidative stress by 
scavenging hydroxyl radicals (Nishizawa et al., 2008). In this study, raffinose and 
galactinol were found to accumulate to high levels in the heat-stressed plants (Figure 
5.7 and Figure 5.12), which was consistent with their role in stress protection. 
Furthermore, raffinose may also serve as a carbon storage that serves a similar role 
to sucrose in some plants (ElSayed et al., 2014).  
The accumulation of trehalose to detectable levels is less commonly observed 
in higher plant species (Wingler, 2002, Garg et al., 2002, Penna, 2003). It was found 
to be accumulated in desiccation tolerant “resurrection” plants such as Myrothamnus 
flabellifolius (Müller et al., 1995). Plants such as rice genetically engineered to 
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accumulate trehalose demonstrated increased levels of tolerance to abiotic stresses 
(Garg et al., 2002, Penna, 2003). Thus, the increase in trehalose level in the heat-
stressed S. viridis plants may be linked to survival under heat. Although the mechanism 
of stress tolerance conferred by trehalose has not been well illustrated, it is thought 
that based on its concentration, it was unlikely to act as a compatible solute, rather, it 
might play an important role in sugar signalling (Garg et al., 2002).  
The roles of other soluble sugars (cellobiose, gentiobiose, maltose, arabinose, 
ribose, xylulose and mannose) are less well understood (Figure 5.12). It is commonly 
thought that the accumulated sugars may act as osmoprotectants that protect plants 
under abiotic stress conditions when the cellular osmotic potential is changed (Wang 
et al., 2003). The accumulation of many soluble sugars under heat stress seen here in 
S. viridis is consistent with the hypothesis that soluble sugar may be important for 
enhanced survival under high temperature.  
5.3.1.4 Sugar accumulation and changes in sugar signalling under heat stress 
The analysis of TOR and SnRK1 target genes in the leaves of the heat-stressed 
plants suggests an induction in TOR signalling and a suppression in SnRK1 signalling 
pathways. This was consistent with the roles of sugar in regulating the two signalling 
pathways – high sugar level stimulated the TOR pathway while inhibited the SnRK1 
pathway under heat. However, it seems to contradict the role of TOR in promoting 
growth while inhibiting stress response under ideal growth conditions, and the role of 
SnRK1 in promoting stress response as shown previously (Wang et al., 2018, Xiong 
et al., 2013b, Zhang et al., 2016, Xiong and Sheen, 2012, De Vleesschauwer et al., 
2018, Baena-González et al., 2007). It should be noted that previous studies on 
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glucose-TOR signalling have used sink tissues (Arabidopsis seedlings) that are 
actively growing (Xiong et al., 2013b), whereas our measurements were carried out on 
fully expanded leaves that act as source tissues. It is possible that TOR signalling plays 
an important role in up-regulating stress responses in source tissues, the signalling 
outcome from the same signal molecule (i.e. sugar) may be very different in different 
contexts (source Vs. sink tissues).  
Such a paradox is also encountered in the role of TOR in regulating raffinose 
biosynthesis. Arabidopsis plants treated with TOR inhibitor, or carrying a TOR RNAi 
silencing gene construct showed reduced raffinose and galactinol accumulation under 
stress (Moreau et al., 2012, Ren et al., 2012). This indicates the involvement of the 
TOR signalling pathway in regulating raffinose biosynthesis. However, activation of the 
SnRK1 kinase, which has an opposing role in energy and stress signalling to TOR, can 
also augment the accumulation of raffinose under stress (Dobrenel et al., 2013). In this 
study, the reduction in starch accumulation and increase in raffinose accumulation also 
supported the hypothesis of increased TOR signalling. These results suggest that TOR 
may play a role in stress response in the source tissues that is yet to be elucidated.    
5.3.2  Nitrogen metabolism under high temperature was mainly characterized by a 
decrease in nitrate reduction 
5.3.2.1 Transcriptomics results suggested down-regulation of nitrate reduction 
under heat stress 
The large change in C : N ratio seen here (Figure 5.3 G) appears to be due to 
a buildup of NO3-, suggesting of a decrease in NO3- reduction in the heat-stressed 
plants. The transcript expression of genes encoding for enzymes involved in nitrate 
assimilation, including NR1, NIR1, GS1/2, Fd-GOGAT, NADH-GOGAT and GDH, all 
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significantly decreased under heat, although the protein levels of GS 1/2 and Fd-
GOGAT did not change significantly (Figure 5.9). There were also significant 
decreases in the expression levels of nitrate and ammonium transporter proteins 
(Figure 5.9).  Because NO3- reduction is largely regulated by NR activity, and the 
activities of NR are generally correlated with its transcript level (Foyer et al., 1998, Hirel 
et al., 2005) (Solomonson and Barber, 1990, Ferrario-Méry et al., 1998, Klein et al., 
2000, Sherameti et al., 2002), these results were in agreement with a decrease in NO3- 
in the heat-stressed plants. However, NR activity is also known to be regulated by post-
translational modifications (i.e. phosphorylation) (Lillo et al., 2004, Kaiser and Huber, 
2001) which is in turn regulated by light, sugar and NO3- levels. It is hard to reach 
conclusions about NR activity judging only by its expression level. Nevertheless, the 
reasons supporting a decreased NO3- reduction will be provided below. 
First, NO3- reduction responds to the availability of reductants, because NO3- 
reduction requires NADPH and reduced Ferredoxin, which are primarily produced by 
the chloroplast electron transport chain in the light (Sherameti et al., 2002). It is likely 
that there was a shortage of reductant in the heat-stressed plants due to oxidative 
stress and increased demand for ROS detoxification (Mittler, 2002). Secondly, there 
may be a shortage of carbon backbones which are required for nitrogen assimilation 
(Huppe and Turpin, 1994). The level of 2-OG which is required for NH4+ assimilation 
decreased (Figure 5.9 and 5.12). In addition, the accumulation of large amounts of 
soluble sugars suggests that carbon is increasingly channelled into sugars instead of 
nitrogen containing compounds (such as amino acids). 
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5.3.2.2 Processes contributing to the changes in amino acid profile under high 
temperature 
The decrease in serine was thought to be associated with increased 
photorespiration as discussed in Chapter 3. The decrease in glutamate and aspartate 
was rather hard to interpret because C4 plants carry out additional processes other 
than nitrogen assimilation and photorespiration which may contribute to the changes 
in pool sizes of glutamate and aspartate. The use of the aspartate pathway as the 
carbon concentrating mechanism is commonly observed in NADP-ME-type C4 plants 
(including S. viridis) (Furbank, 2011), which turns over potentially larger pools of 
aspartate and glutamate than those involved in nitrogen assimilation (Figure 5.9). 
Accompanying the reduction in aspartate level was the significant increase in APS-AT 
and ALA-AT proteins (Figure 5.9). The analysis in Chapter 3 suggested a change in 
the amount of aspartate utilized as the C4 acid shuttled during photosynthesis. It shall 
be interesting to see if these changes in metabolite levels were associated with 
changes in the C4 photosynthetic pathways by conducting pulse-chase labelling 
experiments. 
The synthesis of isoleucine and proline was induced in the heat-stressed plants 
(Figure 5.10). It may also be the possible that the decreases in aspartate and glutamate 
were due to isoleucine and proline synthesis, because the aspartate and glutamate 
are the precursor for isoleucine and proline, respectively (Figure 5.10). However, 
relatively speaking, the pool sizes of aspartate and glutamate should be much larger 
than isoleucine and proline because aspartate and glutamate are central storage 
amino acid. Therefore, increases in isoleucine and proline by ~ 2-fold would not 
significantly change the pool sizes of aspartate and glutamate. Proline is famously 
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known for its role in plant abiotic stress response (Kishor et al., 2005). It has been 
shown to play roles in osmotic adjustment, stabilizing sub-cellular structures, 
scavenging ROS and buffering cell redox potential under stressful conditions (Ashraf 
and Foolad, 2007, Kishor et al., 2005). Therefore, the accumulation of proline would 
serve as a part of the plant defense mechanisms against heat stress in S. viridis.  
5.3.2.3 Heat stress did not induce leaf senescence and nitrogen remobilization 
Environmental stresses often induce premature leaf senescence and nitrogen 
remobilization which is considered a survival strategy for some plants (Masclaux-
Daubresse et al., 2010). The degradation of photosynthetic proteins was shown to be 
the major source of nitrogen for remobilization process (Masclaux-Daubresse et al., 
2010). The concentrations of most photosynthetic proteins was lower in the heat-
stressed plants (see results in Chapter 3), leading to the question of whether 
senescence and protein degradation was induced by heat. Several lines of evidence 
suggested that this is not the case. The total leaf protein content did not show a 
significant decrease, but rather, increased under heat stress (Figure 5.3 H). During 
senescence and nitrogen remobilization, GDH (glutamate dehydrogenase) has been 
shown to be induced to de-aminate glutamate resulting from protein degradation, and 
GS1 (glutamine synthase 1) and ASN (asparagine synthetase) have been shown to 
be induced to re-assimilate the NH4+ released. Correspondingly, the levels of 
glutamine and asparagine have been shown to be increased for export (Pérez-
García et al., 1998, Masclaux et al., 2001, Buchanan-Wollaston et al., 2003, Olea et 
al., 2004, Herrera-Rodríguez et al., 2006, Masclaux-Daubresse et al., 2008). In our 
experiments, the transcript expression of GDH, GS1 and ASN were either not 
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changed or down-regulated (Figure 5.9 & 5.10), and there were no significant 
changes in the levels of glutamine or asparagine (Figure 5.4). The known protease 
genes involved in chloroplast protein degradation and autophagy were generally 
down-regulated (Table 5.3). In addition, the heat-stressed plants appeared healthy 
and green with no signs of chlorosis (Figure 3.1). These results suggest that leaf 
senescence and protein degradation was not triggered in the heat-stressed plants.  
The global up-regulation of ribosomal protein transcript expression, as well as 
protein synthesis factors and ribosome biogenesis machinery observed in the heat-
stressed plants (Figure 5.11) may be linked to signals produced by high levels of 
soluble sugars. It has been shown that glucose induced transcriptional up-regulation 
of ribosomal proteins and ribosome biogenesis in a TOR-dependent manner (Xiong et 
al., 2013b). However, a correlation between ribosomal protein levels and soluble 
sugars has not been shown. It was interesting that in our experiment, the levels of 
ribosomal proteins showed opposite trends to their transcript abundance (Figure 5.11). 
Ribosome biogenesis and ribosome assembly can be negatively impacted by severe 
heat stress (Al Refaii and Alix, 2009). Proteins involved in translation may be 
sequestered inside insoluble stress granules under high temperature (Cherkasov et al., 
2015). The transcriptional induction of ribosomal protein, translation factors and 
ribosomal biogenesis factors may be a response to mitigate damage to the protein 
translation machinery caused by heat. 
5.3.2.4 Consequences of inhibited nitrate reduction in the heat-stressed plants 
As discussed above, NO3- reduction significantly decreased under heat stress 
in S. viridis. However, the heat-stressed plants did not seem to show signs of nitrogen 
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starvation as a consequence of reduced NO3- reduction. The amino acid profile in the 
heat-stressed plants did not show drastic changes. There were no signs of leaf 
senescence and protein degradation for nitrogen remobilization. The plants in the 
experiments were regularly fertilized with liquid fertilizer containing abundant source of 
nitrogen. So it is unlikely nitrogen assimilation in the heat-stressed plants would be 
limited by the availability of nitrogen. Instead, the total leaf nitrogen content was 
significantly higher under heat (Figure 5.3E), which I concluded must be due to 
accumulation of NO3- inside the leaf vacuole. It is possible that the decrease in NO3- 
reduction was compensated by increased NH4+ assimilation in the roots.  
Despite its relative small impact on plant nitrogen nutrition, the decrease in 
nitrate reduction may affect plant growth and metabolism through the accumulation of 
high levels of nitrate. Nitrate has been shown to be a powerful signalling molecule that 
can regulate plant gene expression, metabolism and growth (Stitt, 1999). The signals 
produced by nitrate and its effects on the growth and metabolism of the heat-stressed 
plants will be studied further in the next chapter, which explore various signalling 
pathways involved in plant heat stress response. 
5.4 Conclusion and future perspectives 
Growth at high temperature caused major modifications to carbon partitioning 
and nitrogen metabolism in S. viridis. The leaf transitory starch content in the middle 
of the day was significantly reduced, while various soluble sugars accumulated in the 
heat-stressed plants. Since this was largely a shift in the form of carbohydrate stored, 
it was not certain whether the reduced starch accumulation could lead to carbon 
starvation in the heat-stressed plants. Measurements of major carbohydrates in 
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absolute quantities at multiple time points throughout the day and night cycle will 
allow a more accurate estimation of carbon budget. An impairment in phloem loading 
may have contributed to the accumulation of sucrose in the leaf and reduced plant 
growth due to inability to supply carbon to sink tissues.  
The heat-stressed plants had a significantly increased total nitrogen content, 
and this was thought to be a result of NO3- accumulation as the genes involved in 
NO3- reduction were down-regulated. There were significant reductions in the levels 
of major amino acids, glutamate and aspartate. The cause of these reductions was 
not clear due to the involvement of these amino acids in multiple interacting 
metabolic pathways. Future metabolic flux experiments will be required to determine 
whether the reduction in glutamate and aspartate pools were caused by 1) higher flux 
through the aspartate pathway as the carbon concentration mechanism (this was 
also hypothesised in Chapter 3), or 2) increased synthesis of other amino acids as a 
part of plant stress response, or 3) increased exporting to other tissues for nitrogen 
remobilization.  
The main consequences of the observed changes in carbon and nitrogen 
metabolism for the heat-stressed plants could be a result of either carbon and nitrogen 
utilization or a result of sugar and nitrate signalling.  
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Figure 5.1 An overview of C4 carbohydrate metabolism. A fraction of the 3-PGA 
produced by Rubisco CO2 fixation in BS cells is transferred to M cells and reduced to 
trioseP in the chloroplast, consuming NADPH. There is a returning flux of trioseP 
from the M cytosol to the BS for re-entry into the CBB Cycle, and trioseP in the M 
cytosol is also used for sucrose synthesis. In some C4 species, sucrose can also be 
synthesised inside the BS cells. Starch synthesis occurs primarily in BS chloroplast in 
C4 plants. At night, starch is broken down into hexose for the re-synthesis of sucrose. 
Sucrose is off-loaded into the phloem for transportation into sink tissues through 
either the plasmodesmata or sucrose transporters such as SWEETs. 
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Figure 5.2 Overview of nitrogen assimilation and major nitrogen metabolism 
pathways in leaves of C4 plants. The reduction of nitrate (NO3-) by nitrate reductase 
(NR), and subsequently, nitrite (NO2-) by nitrite reductase, to ammonium (NH4+) take 
place in the mesophyll cells. Assimilation of ammonium can occur in the chloroplast 
of both mesophyll cell and bundle sheath cells, in a process involving the glutamine-
glutamate GS (glutamine synthetase)-GOGAT (glutamate synthase) cycle. 
Alternative pathway for ammonium assimilation involves the reaction by glutamate 
dehydrogenase (GDH). The C4 carbon concentrating pathway where aspartate is 
used as the C4 acid for CO2 transport is written in red, and it represents a significant 
flux contributing to the nitrogen metabolism of the leaves.  
Chapter 5 Carbon and Nitrogen metabolism under high temperature 
 
 
 
196 
 
Figure 5.3 The levels of starch, soluble sugars (sucrose, glucose and fructose), total 
nitrogen, protein and chlorophyll content, and carbon: nitrogen (C: N) ratio in the 
control and heat-stressed plants are shown in bar graphs, with the standard error of 
mean (SEM) obtained from measurements of 5-6 biological replicates. The levels of 
soluble sugars are shown as relative concentrations, in units of relative intensity, 
which represents the signal intensity of the derivatised compounds on a GC-MS.  
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Figure 5.4 The relative concentrations of soluble sugars, sugar phosphate and amino 
acid in the control and heat-stressed plants are shown in bar graphs in relative 
intensity units as measured by GC-MS. Compounds significantly increased (p<0.05) 
are highlighted in blue, significantly decreased are highlighted in red. Student t-test 
were performed. N=5. 
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Figure 5.5 Changes in the expression of genes encoding for proteins involved in 
starch synthesis, sucrose synthesis/breakdown and trehalose metabolism. For each 
gene, the transcript and protein fold-changes (Heat Vs Control) in log2 scale are 
shown in coloured boxes, where “T” designate the change in transcript level and “P” 
designate protein level. The colour scale can be found on the top right corner. 
Numbers in red (or yellow if background is dark red) indicate the fold-changes are 
significant with p < 0.05. Metabolites levels which increase significantly are shown in 
red and metabolites levels which decrease significantly are shown in blue (p<0.05). 
Abbreviations: PGI, glucose-6-phosphate isomerase; PGM, phosphoglucomutase; 
AGPase, ADP glucose pyrophosphorylase; SS, starch synthase; SBE, starch 
branching enzyme; FBA, fructose bisphosphate aldolase; FBP, fructose-1,6-
bisphosphatase; UGP, UDP glucose pyrophosphorylase; SPS, sucrose phosphate 
synthase; SPP, sucrose phosphatase; SUS, sucrose synthase; vINV, vacuolar 
invertase; TPS, trehalose 6-phosphate synthase; TPP, trehalose 6-phosphate 
phosphatase. 
 
 
 
 
Figure 5.6 Transmission electron microscopy images showing the accumulation of 
starch granules in mature leaves of the “Control”, “Control to Heat”, and “Heat” 
plants. The leaves from “Control” plants developed fully at 28°C day / 22°C night. The 
leaves from “Control to Heat” plants developed fully at 28°C day / 22°C but were 
transferred to 42°C day / 32°C night chamber for two weeks. The leaves from “Heat” 
plants developed fully at 42°C day / 32°C night. Top and bottom panels are images of 
the same region of different magnifications. 
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Figure 5.7 Changes in the raffinose pathway induced by heat treatment. For each 
gene, the transcript and protein fold-changes (Heat Vs Control) in log2 scale are 
shown in coloured boxes, where “T” designate the change in transcript level and “P” 
designate protein level. The colour scale can be found on the bottom right corner. 
Numbers in red (or yellow if background is dark red) indicate the fold-changes are 
significant with p < 0.05. Metabolites levels which increase significantly are shown in 
red and metabolites levels which decrease significantly are shown in blue (p<0.05).  
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Figure 5.8 Correlation of the expression of TOR- or SnRK1- targeted genes in heat-
stressed S.viridis with public datasets. (A) Correlation of Glucose-TOR-regulated 
genes with Arabidopsis plants treated with glucose (Xiong et al. 2013); (B) 
Correlation of TOR-regulated genes with Arabidopsis plants treated with TOR-
specific inhibitor AZD8055 (Dong et al. 2015) (C) Correlation of SnRK1-regulated 
genes with Arabidopsis plants overexpressing KIN10 (SnRK1) (Baena-Gonzalez et 
al. 2007). The color scale indicates the density of data points. Correlation analysis 
was analysed in R software package.  
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Figure 5.9 Changes associated with genes encoding for proteins involved in nitrogen 
assimilation and metabolism under heat stress. For each gene, the transcript and 
protein fold-changes (Heat Vs Control) in log2 scale are shown in coloured boxes, 
where “T” designate the change in transcript level and “P” designate protein level. 
The colour scale can be found on the top left corner. Numbers in red (or yellow if 
background is dark red) indicate the fold-changes are significant with p < 0.05. 
Metabolites levels which increase significantly are shown in red and metabolites 
levels which decrease significantly are shown in blue (p<0.05). Abbreviations:  
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Figure 5.10 Amino acid biosynthesis pathways and expression levels of genes 
encoding for proteins involved in amino acid biosynthesis and degradation pathways 
at the transcript level. Amino acids and their corresponding genes were groups 
based on their synthesis origin. Numbers shown in coloured boxes are the gene 
expression fold-change in log2 scale, numbers are highlighted in red/yellow when the 
change is significant (p<0.05). 
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Figure 5.11 The expression levels of genes encoding for proteins involved in protein 
translation inside the cytosol, chloroplast and mitochondria under heat stress. The 
genes were grouped into categories including chloroplast ribosomes, mitochondrial 
ribosomes, cytosolic ribosomes, translation initiation/elongation/release factors and 
ribosome biogenesis. The fold-changes between the heat-stressed plants and control 
were shown in log2 scale, and the numbers were highlighted red (yellow) if the 
change was significant (p<0.05). Where protein for the gene was not detected by the 
proteomics study, only transcript expression level was shown. 
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Figure 5.12 Summary of all the identified metabolites detected by GC-MS showing 
changes in plants subjected to 2 weeks of heat stress. Compounds were classified 
into chemical classes/biochemical pathways they are involved in. The name of the 
derivatives of the compound, the retention time, and the identifier peak was given in 
the third column. The values in the fourth column are the fold changes of the 
metabolite when comparing Heat over Control. In the fifth column, p-values as 
calculated by Student’s T-tests (two tails, equal variance) are highlighted red if less 
than 0.05. (n=5). 
 
 
Table 5.1 Details of the expression changes for genes involved in major 
carbohydrate metabolism. All isoforms are shown in the table with their cell 
preferential localization information. The most highly expressed isoform(s) (based on 
“Transcript Mean Counts”) which were shown in Figure 5.5, are highlighted yellow. 
“Transcript Log2” and “Protein Log2” indicate the log2 ratios between Heat-
stressed/Control samples. If there is a “Protein Log2” value but not an associated p-
value, it means that the protein was not detected in enough biological samples for 
meaningful statistics, these protein fold-changes were not used in the analysis. 
 
Cell 
Preference 
Gene Name Transcript 
ID 
Transcript 
Mean Counts 
Transcript 
Log2 
p-value Protein 
Log2 
p-value 
BS cFBA si005058m 959.38 0.10 9.54E-01 0.24 5.93E-01 
M cFBA si006745m 1309.97 -1.57 3.49E-08 0.59 2.68E-02 
BS cFBA si017614m 1404.62 1.26 6.31E-08 0.55 1.08E-01 
 cFBP si002088m 3865.52 -1.77 4.15E-17 -0.16 2.13E-01 
 cFBP si022602m 538.44 -1.43 1.60E-15 0.15  
 plastid PGI si029228m 16118.04 -1.02 2.34E-09 -0.04 7.35E-01 
BS plastid PGM si029426m 2580.00 0.78 1.42E-05 1.43  
 cytosolic PGI si034932m 2363.94 -0.41 9.88E-02 0.69 3.79E-04 
 cytosolic 
PGM 
si034613m 5804.42 -0.12 7.32E-01 0.85 8.44E-03 
 AGPase 
large subunit 
1 
si034768m 12953.17 -0.57 1.71E-03 0.34 7.06E-02 
M AGPase 
large subunit 
2 
si021771m 2897.89 1.39 4.80E-05   
 AGPase 
small subunit 
si013574m 18695.87 -0.54 2.65E-03 0.22 8.58E-02 
BS Starch 
synthase 2 
si029257m 18016.87 -0.18 4.44E-01 -0.65 5.29E-02 
 Starch 
synthase 2 
si006103m 7.74 0.28 8.10E-01   
 Starch 
synthase 2 
si034299m 430.93 -0.22 3.65E-01   
BS Starch 
synthase 2 
si006038m 11343.40 -0.53 3.78E-03   
BS Starch 
synthase 2 
si005900m 40.32 1.96 3.07E-10 -0.35  
BS Starch 
synthase 2 
si016492m 2930.59 -0.38 5.60E-02 -0.65 9.81E-02 
BS Starch 
synthase 4 
si021148m 1627.78 -0.31 1.27E-01   
 Starch 
synthase 4 
si006020m 561.94 -0.25 2.80E-01   
M Starch 
synthase 4 
si016436m 752.35 -0.48 1.23E-02   
 Starch 
synthase 4 
si015393m 2423.29 -0.53 4.36E-03   
 Starch 
synthase 4 
si013121m 419.30 0.37 8.50E-02   
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BS Starch 
synthase 4 
si009214m 10475.27 -0.46 1.56E-02 0.00  
 SBE si005911m 3957.09 0.29 1.55E-01   
 SBE si008087m 166.40 3.31 1.94E-22   
 SBE si009312m 22322.52 0.09 7.48E-01 -0.45 6.98E-02 
 UGP2 si029679m 7295.19 0.36 6.33E-02 0.76 1.95E-02 
BS SUS6 si020148m 498.00 -0.14 6.18E-01   
BS SUS6 si005845m 448.87 -0.20 4.23E-01   
BS SUS4 si005859m 2757.81 0.44 2.11E-02   
BS SUS4 si034282m 213.20 -0.82 1.17E-01   
BS SUS3 si034293m 3474.41 0.94 1.63E-03   
 SPP si001574m 2738.23 -0.38 4.93E-02 0.67 1.04E-02 
 SPP si029938m 1454.13 -1.06 1.19E-09   
BS SPP si022142m 87.61 -1.10 2.99E-06   
M SPS si005783m 7268.11 -1.78 5.07E-21   
 SPS si016229m 3436.33 -0.54 3.33E-03   
 SPS si025907m 1974.32 -1.41 2.54E-11 0.37  
 SPS si013170m 3463.73 0.42 2.77E-02   
 SPS si000130m 14952.28 -1.84 9.31E-19 -0.21 8.62E-01 
 TPS si000238m 7806.94 -3.16 3.34E-74   
 TPS si000262m 2925.46 -1.61 3.31E-21   
 TPS si013243m 816.79 -1.60 3.47E-13   
 TPS si016360m 243.75 -3.70 9.05E-11   
 TPS si021103m 793.44 -3.55 4.16E-15   
 TPP si017566m 745.50 -4.06 1.10E-15   
 TPP si017585m 58.06 0.19 6.62E-01   
 TPP si030678m 67.42 -2.87 8.78E-03   
 TPP si036153m 146.47 -0.77 3.49E-03   
 TPP si036430m 141.56 -3.39 5.11E-04   
 Trehalase si034760m 61.19 -0.90 5.15E-02   
 INV si000681m 5099.66 -3.56 6.74E-14   
 INV si009683m 256.27 -0.41 2.59E-01   
 INV si009717m 286.20 0.76 7.93E-03   
 INV si016691m 1582.74 0.12 8.03E-01   
 INV si026182m 65.58 1.65 1.13E-07   
 INV si034714m 1929.91 0.41 1.18E-01   
 cell wall INV si000803m 519.31 0.46 9.06E-02   
 cell wall INV si021569m 186.59 0.01 1.00E+00   
  vacuolar INV si016887m 4482.47 4.66 4.44E-15 2.80 1.36E-02 
M GolS2 si030450m 872.97 -0.82 6.58E-02   
M GolS1 si036484m 12196.54 2.94 2.07E-07   
 Raffinose 
synthase 5 
si000380m 2362.56 2.77 2.11E-02   
BS Raffinose 
synthase 2 
si029000m 752.09 4.52 3.05E-07   
 Raffinose 
synthase 2 
si034348m 78.78 3.51 2.13E-24   
M Stachyose 
synthase' 
si025961m 52.16 4.35 1.43E-03   
 SWEET13a si022957m 15087.27 -1.91 3.83E-20   
 SWEET si023067m 435.43 -1.03 1.04E-05   
 SWEET si022982m 430.94 -1.02 2.27E-05   
 SWEET si017821m 159.11 4.94 3.50E-04   
 SWEET si018169m 86.27 3.02 6.71E-13   
 SWEET si004556m 85.69 0.80 9.65E-03   
 SUT2 si016693m 203.97 0.04 9.90E-01   
BS SUT2 si016889m 114.14 -2.46 2.61E-05   
 SUT4 si021670m 889.32 -0.37 1.32E-01   
BS SUT2 si035196m 3321.38 -1.34 3.49E-08   
 
 
 
Table 5.2 Expression changes for genes involved in nitrate assimilation pathway. All 
isoforms are shown in the table with their cell preferential localization information. 
“Transcript Log2” and “Protein Log2” indicate the log2 ratios between Heat-
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stressed/Control samples. The p-values were calculated using Student’s T-test, and 
n = 5. If there is a “Protein Log2” value but not an associated p-value, it means that 
the protein was not detected in enough biological samples for meaningful statistics, 
these protein fold-changes were not used in the analysis. 
 
Cell 
Preference 
Gene Name Transcript 
ID 
Transcript 
Mean 
Counts 
Transcript 
Log2 
p-value Protein 
Log2 
p-value 
M NR1 si013224m 7767.12 -2.31 9.10E-12 1.21  
M NR1 si016274m 32.49 -0.85 2.78E-01   
M NIR1 si016715m 2027.60 -1.51 1.34E-03 -0.54 1.44E-02 
 NRT2.5 si001231m 374.54 -6.73 1.19E-93   
  si016679m 483.14 -0.75 5.16E-02   
M AMT1:2 si009937m 871.76 -0.13 7.69E-01   
 AMT2:1 si024947m 99.46 -2.02 5.67E-08   
M AMT2:1 si035408m 21.57 -1.44 2.72E-02   
M GS2 si022118m 1018.95 -1.24 6.84E-08 -0.18 2.34E-01 
 GS1 si036352m 1670.78 -0.85 4.12E-04 0.20 2.83E-01 
 NADH-GLT1 si000006m 2013.38 -0.30 1.54E-01   
M NADH-GLT1 si020943m 628.80 -2.67 5.62E-17   
 GDH si000614m 585.15 -0.19 4.46E-01   
M GDH2 si010235m 388.07 -0.91 1.81E-02 0.67 3.52E-01 
 GDH1 si035905m 2877.98 -0.65 2.84E-04   
M Fd-GOGAT si028677m 32459.25 -0.77 8.76E-06 -0.03 7.84E-01 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 5 Carbon and Nitrogen metabolism under high temperature 
 
 
 
211 
Table 5.3 Changes in transcript expression of genes known to be involved in the 
degradation of chloroplast proteins during leaf senescence for nitrogen 
remobilization. 
 
 
 
 
 
 
 
Name GeneID 
Log2 
fold 
change padj 
Known functions in protein 
degradation  
ATG10 si011037m -1.09 2.73E-06 The degradation of chloroplasts for 
access to its protein for N 
remobilization can be achieved 
through autophagy. The process 
involves formation of double 
membrane structures known as 
autophagosomes, which can enclose 
macromolecules and organelles for 
degradation. The expression of 
autophagy genes have been shown 
to be up-regulated transcriptionally 
during senescence and under 
conditions of nitrogen limitation 
(Thompson and Vierstra, 2005, 
Wingler et al., 2009, Chiba et al., 
2003). 
ATG12A si018850m -0.70 1.87E-02 
ATG18f si000295m -1.36 2.23E-10 
ATG3 si036690m -0.60 1.03E-02 
ATG5 si017586m 0.11 8.36E-01 
ATG6 si001248m 0.27 4.08E-01 
ATG7 si001044m -0.75 1.50E-03 
ATG7 si000183m -0.09 8.72E-01 
ATG8 si007706m -0.03 1.00E+00 
ATG8 si007611m 0.87 9.46E-03 
ATG9 si034181m -0.63 8.47E-03 
ATG9 si034122m -0.15 7.97E-01 
DegP1 si022055m -0.88 5.10E-05 DegP proteases were thought to be 
responsible for degradation of D1 
protein during senescence 
(Masclaux-Daubresse et al., 2010). 
DegP2 si021537m 0.13 8.25E-01 
DegP7 si016159m 0.31 2.77E-01 
DegP8 si021343m 0.22 4.20E-01 
DegP9 si016788m -0.09 8.52E-01 
DegP9 si006104m 0.37 1.72E-01 
SAG12 si036402m -1.84 1.86E-17 
SAG12 has been detected in 
Senescence-associated vesicles 
(SAVs), which are involved in 
chloroplast protein degradations in 
chloroplast-containing cells (Otegui et 
al., 2005). SAG12 si030173m 0.64 8.82E-02 
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6 Hormone and sugar signalling associated with heat stress 
response in S. viridis 
 
Highlights: 
 
• Analysis of the heat stress transcriptome of S. viridis showed correlative 
evidence for an increase in jasmonic acid (JA), abscisic acid (ABA) and 
brassinosteroids (BR) signalling response. The up-regulation of these 
hormone signalling pathways may contribute to the thermotolerance of S. 
viridis to long-term heat stress (42 °C for 2 weeks). 
• Transcriptome data suggests that the salicylic acid (SA) signalling pathway 
was down-regulated, possibly due to the strong up-regulation of the JA 
pathway, which has an antagonistic relationship with the SA pathway when JA 
levels are high. 
• Ethylene (ET) response was also down-regulated based on the transcriptome 
signature, and this might support better survival of plants under heat stress, as 
ET has previously been shown to play a negative role in thermotolerance.   
• The transcriptome data correlated with decreases in auxin (IAAs), gibberellin 
(GAs) and cytokinin (CKs) signalling pathway responses, which correlated with 
the stunted growth of the heat-stressed S. viridis plants. 
• Direct measurements of hormone levels confirmed an increase in ABA 
abundance. The abundance of SA, JA and IAA did not show significant 
changes. However, IAA-amino conjugates including IAA-Aspartate and IAA-
alanine showed significant accumulation under heat. 
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6.1 Introduction 
It was shown in Chapter 3 (Figure 3.1) that the heat-stressed plants exhibited 
stunted growth of both shoots and roots. However, leaf photosynthesis (on area 
basis) was not significantly impacted by heat (shown in Chapter 3). Although leaf 
respiration increased under high growth temperatures (shown in Chapter 4), the total 
increase in carbon loss through respiration would not likely account for the drastic 
decrease in growth. In Chapter 5, the changes in carbon and nitrogen metabolism in 
S. viridis plants under heat stress were investigated. It was found that plants had 
impaired starch accumulation under heat stress, but accumulated high levels of 
soluble sugars. The amino acid profiles of the heat-stressed plants only showed 
changes in metabolites associated with the C4 cycle and photorespiration (aspartate, 
glutamate, and serine), but did not carry signatures of nitrogen starvation, despite the 
transcriptional down-regulation of nitrogen fixing enzymes. Through the analysis in 
Chapters 3-5, it remains unclear what factors were responsible for the reduced 
growth in the heat-stressed plants. In this chapter, the gene expression profile 
associated with hormone signalling pathways was analysed, as hormones are known 
to be key regulators of plant growth, development, and response to biotic and abiotic 
stresses. 
6.1.1 The role of plant hormones in the heat stress response 
The major plant hormones include auxins (Pieterse et al.), abscisic acid (ABA), 
salicylic acid (SA), jasmonic acids (JAs), ethylene (ET), cytokinin (CKs), gibberellins 
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(GAs), and brassinosteroids (BR). So far, the association of all the major hormones 
with plant heat stress responses has been shown (Ahammed et al., 2016).  
6.1.1.1 ABA 
ABA is the main abiotic stress responsive hormone found in plants (Verma et 
al., 2016). Accumulation of ABA is induced by stress conditions such as drought, 
high salinity, extreme temperatures, and high light (Xiong and Zhu, 2003, Galvez-
Valdivieso et al., 2009). The primary function of ABA during stress response is 
osmotic adjustment, through promotion of stomatal closure to reduce water loss, and 
transcriptional activation of many stress-responsive genes that encode for enzymes 
for the biosynthesis of osmoprotectant molecules (Zhang et al., 1987, Finkelstein, 
2013, Assmann and Jegla, 2016, Cutler et al., 2010) (Figure 6.1). Plants genetically 
modified to be ABA hypersensitive or constitutively accumulating high levels of ABA 
have been shown to be more stress tolerant, but their growth is stunted due to 
negative effects of ABA on photosynthesis and growth (Fujita et al., 2005, Wan and 
Li, 2006, Iuchi et al., 2001, Julkowska and Testerink, 2015, Wilson et al., 2009, Wang 
et al., 2018). An Arabidopsis mutant insensitive to ABA is more sensitive to heat-
induced oxidative damage, and the exogenous application of ABA on wild-type 
Arabidopsis enhances heat tolerance (Larkindale and Knight, 2002, Larkindale et al., 
2005, Li et al., 2015). 
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6.1.1.2 SA, JAs, and ET 
  SA, JAs and ET are best known for their roles in plant defence responses 
against pathogen and herbivore attacks (Verma et al., 2016). Accumulation of SA in 
plants is mainly found during microbial pathogen attack, and it plays an important role 
in activating systemic acquired resistance, which protects undamaged tissues 
against further pathogen infection (Loake and Grant, 2007, Vlot et al., 2009, 
Dempsey et al., 2011). On the other hand, JA and ET act cooperatively during plant 
defence against herbivorous insects and necrotrophic pathogens (Wasternack and 
Hause, 2013, Kazan, 2015). The role of SA, JA, and ET in plant abiotic stress 
tolerance is becoming increasingly well characterized with a positive role in heat 
stress response clearly established for SA and JA in multiple plant species 
(Ahammed et al., 2016) (Figure 6.1). Transgenic Arabidopsis impaired in SA 
production showed increased susceptibility to heat (Larkindale and Knight, 2002). 
The Arabidopsis mutant cpr5-1 constitutively active in SA, JA, and ET signalling has 
enhanced thermotolerance, and blocking of either SA or JA signalling in these plants 
compromises the basal thermotolerance (Clarke et al., 2009b). Exogenous 
application of SA and JA also promoted heat tolerance (Horváth et al., 2007, Clarke 
et al., 2009b). The mechanisms through which SA and JA confer thermotolerance 
include the induction of heat shock proteins and other transcription factors that 
regulate heat stress responses (Li et al., 2010, Suzuki et al., 2008). SA also plays an 
active role in regulating plant responses to oxidative stress caused by ROS, which 
can be generated by heat stress (Herrera-Vásquez et al., 2015).  
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Despite the fact that ET production is generally induced by high temperature, it 
is actually thought to play a role in promoting heat-induced cell death (Kazan, 2015) 
(Figure 6.1). A negative association between ET and thermotolerance is supported 
by the fact that ethylene-insensitive Arabidopsis mutant ein2-1 has enhanced 
thermotolerance (Clarke et al., 2009b). Complicated cross-talk exists between ET 
signalling and JA, SA, and ABA signalling during stress responses, and consequently 
the role of ET in heat stress response remains to be defined. 
6.1.1.3     IAAs, GAs, CKs, and BRs 
The functions of IAAs, CKs, GAs, and BRs in promoting cell division and 
elongation, therefore promoting plant growth, is well-established (Depuydt and Hardtke, 
2011). Here, I will focus on giving an overview of their links with plant heat stress 
response during vegetative growth (Figure 6.1).  
Arabidopsis seedlings subjected to mild heat stress (29 °C) were found to show 
increased hypocotyl elongation in a process dependent on IAA accumulation/transport 
(Gray et al., 1998). It was hypothesised that by increasing hypocotyl elongation, the 
precious photosynthetic and meristem tissues were elevated further away from the 
heat-absorbing soil, thus alleviating high temperature-induced damage (Gray et al., 
1998). In addition, the induction of BR biosynthesis by IAA was shown to be crucial for 
this heat-induced hypocotyl elongation (Gray et al., 1998, Maharjan and Choe, 2011). 
Biosynthesis of GA is also essential for this response to mild heat stress in Arabidopsis 
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seedlings (Stavang et al., 2009). Therefore, the growth promoting effects of IAAs, BRs 
and GAs facilitate plants to “grow away from trouble” under mild heat stress conditions. 
The effect of CKs in the plant heat stress response is mainly related to its role 
in modulating stomatal behaviour (Ahammed et al., 2016, Farber et al., 2016). Leaf CK 
levels positively regulate stomatal conductance, and a temporary increase in CK levels 
which resulted in increased stomatal opening has been observed during the early 
response to high temperature (Macková et al., 2013, Dobrá et al., 2015). This transient 
increase in CK signalling and stomatal conductance was thought to act to cool off the 
leaves through increased transpiration. CKs can also induce the expression of small 
heat shock proteins and glycine-rich proteins under heat stress (Xu et al., 2011). 
Overexpression of CK biosynthesis genes led to the increased accumulation of 
endogenous CK and enhanced heat tolerance in Agrostis stolonifera (Xing et al., 2009). 
However, the overexpression of CK degradation enzyme cytokinin oxidase 1 (CKX1) 
in tobacco also enhanced heat and drought tolerance (Macková et al., 2013). This 
suggests that the fine tuning of the timing and levels of CK accumulation are important 
for plant heat stress tolerance. 
An important role for BRs in plant stress response has been increasingly 
proposed. This is mainly due to its involvement in modulating ROS levels through 
regulating the expression and activity of antioxidant enzymes (Fariduddin et al., 2014). 
Exogenous treatment of tomato plants with BR led to improved heat tolerance and 
protected photosynthetic enzymes such as Rubisco from heat damage (Singh and 
Shono, 2005, Mazorra et al., 2002, Ogweno et al., 2008). This protective effect was 
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associated with the induction of small heat shock proteins and up-regulation of 
antioxidant enzymes (Singh and Shono, 2005, Mazorra et al., 2002, Ogweno et al., 
2008). Therefore, BRs play diverse roles in promoting plant growth and stress 
response. 
6.1.2  Crosstalk between sugar and hormone signalling networks 
In Chapter 5, the impact of sugar accumulation under heat stress on sugar 
signalling pathways including the TOR and SnRK1 pathways was examined through 
analysing the expression of genes regulated by these pathways (see section 5.3.2.3 
and 5.4.1.4). Extensive crosstalk between sugar and hormone signalling pathways has 
also been identified. While it is impossible to cover every aspect of sugar and hormone 
interactions here, a brief overview on the interactions of the TOR signalling pathway 
with various hormone signalling pathways and how these interactions shape plant 
growth and stress response will be given below (Figure 6.2).  
  The evolutionarily conserved TOR kinase acts as a master regulator on plant 
growth and development by integrating a range of internal and external signals 
regarding the nutrient status of a plant. It exists as a protein complex with periphery 
proteins Raptor and Lst8 (Xiong and Sheen, 2014). The TOR complex regulates a 
range of cellular processes, including transcription, protein translation, cell cycle 
progression, cell division and metabolism (Sesma et al., 2017). Importantly, the 
sensing of photosynthetically-derived glucose activates TOR signalling and stimulates 
cell cycle progression and cell division in the shoot and root meristem tissues (Xiong 
Chapter 6 Hormone and sugar signalling associated with heat stress response 
 
 
 
 
221 
et al., 2013b, Li et al., 2017). The TOR protein complex has been found to be implicated 
in a number of hormone signalling pathways.  TOR lies downstream of auxin – the 
activation of TOR is promoted by its interaction with the auxin-activated small GTPase 
ROP2 (Schepetilnikov et al., 2017). Plants treated with chemical inhibitors of TOR were 
shown to lose their auxin sensitivity (Deng et al., 2016). TOR also engages in BR 
signalling by stabilizing the transcription factor BZR1, preventing it from degradation, 
thereby facilitating BR-promoted cell elongation (Zhang et al., 2016). Interaction 
between TOR and JA signalling has also been demonstrated. Treatment of cotton 
plants with a TOR-specific inhibitor increased JA levels and the expression of JA 
biosynthesis and signal transducing genes (Song et al., 2017). Arabidopsis mutants 
defective in JA biosynthesis or signalling were resistant to the TOR-specific inhibitor, 
although the mechanism of interaction has not been defined (Song et al., 2017). An 
antagonistic interaction between TOR and ABA signalling was also recently 
demonstrated. TOR keeps the ABA receptor PYL phosphorylated under non-stressful 
conditions to prevent activation of stress response; while under stress, ABA-activated 
SnRK2 kinases phosphorylate Raptor, leading to dissociation and deactivation of the 
TOR complex (Wang et al., 2018) (Figure 6.2). Hence, it seems in general that TOR 
interacts with growth-promoting hormones in synergy, while antagonizing the actions 
of stress-responsive hormones to stimulate growth under ideal conditions.  
Aims and Strategies 
In this chapter, we aim to identify hormone signalling pathways that played a 
key role in regulating the growth and stress response of S. viridis under heat through 
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analysing the RNASeq transcriptome data generated for this experiment. The 
proteomics data generated for the experiment was not used because most genes 
involved in hormone signalling pathways would be present in low abundance and they 
were not detected in the proteomics analysis. We start by carrying out gene ontology 
enrichment analysis and global association analysis with hormone-related 
transcriptome datasets to narrow down the candidate hormone targets. Then, the 
transcriptional responses associated with each hormone pathway was examined 
individually.  
6.2 Results 
6.2.1 Gene Ontology enrichment analysis of the differentially expressed genes 
under heat stress 
To obtain a global view of the transcriptional changes in the long-term heat-
stressed S. viridis plants (42 °C for 2 weeks), Gene Ontology (GO) enrichment analysis 
was carried out for the differentially expressed genes under heat (for the method, see 
section 2.14). A total number of 2879 genes were significantly up-regulated, and 3150 
genes were significantly down-regulated (with a padj value of <0.05) in the heat-
stressed plants. The complete list of GO terms for up-regulated and for down-regulated 
genes can be found in Supplementary Table 6C and Table 6D, respectively. GO terms 
with a hypergeometric test p-value of <0.05 and a Benjamini-Yekutieli FDR of < 0.1 
were considered significantly overrepresented, and were input into REViGO for 
removal of functional and semantic redundancies. GO terms with a “frequency” >10% 
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in the reference database were considered too general to be useful for describing a 
biological process, and GO terms with a “dispensability” factor >0.7 were considered 
too semantically similar to a higher level term and therefore assigned to a cluster. The 
deduced list of the most significant GO terms belonging to the “Biological Process” 
category is shown in Table 6.1.  
The list of significant GO terms was further amalgamated through hierarchical 
clustering in REViGO. Table 6.2 summarizes the Biological Process, Cellular 
Component, and Molecular Function that were overrepresented under the heat stress 
condition. The most significantly up-regulated biological processes under heat include 
terms associated with translation, establishment of protein localization to organelle, 
ribonucleoprotein complex biogenesis, reproduction, methylation, and response to 
heat (Table 6.2). The most significant up-regulated Cellular Component cluster 
included terms associated with ribosome and cell wall. And the most significant 
Molecular Function cluster included terms associated ribosome and RNA binding. 
Collectively, these indicate up-regulation of genes involved in protein translation, 
ribosome biogenesis, reproduction, one carbon metabolism (methylation), and 
response to heat in the heat-stressed plants. This is in agreement with what has 
already been shown in Chapter 5, that genes encoding ribosomal proteins, translation 
factors and those involved in ribosome biogenesis were up-regulated under heat stress, 
and also highlights the changes associated with reproduction.  GO enrichment analysis 
of down-regulated genes produced less significantly enriched GO terms under the 
selection criteria. Processes involved in photosynthesis, programmed cell death, 
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response to salicylic acid, and ion transport were among the most significantly 
overrepresented GO terms in the down-regulated genes. There was also a significant 
overrepresentation of Serine/Threonine protein kinase genes in the down-regulated 
gene list.  
6.2.2 Global analysis of hormone-regulated genes in the heat-stressed S. viridis 
Since hormone levels were not directly measured in this experiment, 
association analysis was carried out by comparing the transcriptional responses to 
heat stress with the transcriptional responses to treatment by various hormones (for 
the method, see section 2.15). The Arabidopsis hormone treatment gene expression 
dataset from AtGenExpress was used as it is the most comprehensive analysis and 
no such dataset yet exists for Setaria. The list of expressed Setaria gene IDs was 
converted to Arabidopsis gene IDs by identifying orthologues. Overrepresentation 
analysis (see section 2.15) identified ABA, BR, JA and CK as the hormone-regulated 
pathways most likely changed in the heat-stressed plants (Table 6.3). The data 
suggests that exogenous application of ABA in Arabidopsis repressed genes that were 
overrepresented among the up-regulated genes in the heat-stressed plants (Table 6.3). 
Conversely, ABA stimulated genes that were overrepresented among the down-
regulated genes in the heat-stressed plants (Table 6.3). This enrichment pattern 
suggests a decrease in ABA transcriptional response in the heat-stressed S. viridis. 
Similarly, there was an overrepresentation of BR repressed Arabidopsis genes in the 
heat up-regulated genes in S. viridis, suggesting a decrease in BR transcriptional 
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response (Table 6.3). For JA, there was an overrepresentation of JA repressed genes 
in the heat down-regulated gene list. And for CK, there was an overrepresentation of 
CK stimulated genes in the heat up-regulated gene list (Table 6.3). These suggest 
increases in JA and CK regulated transcriptional responses.   
  
6.2.3 Orchestration of S. viridis heat stress response by various phytohormones 
The global analysis of hormone-regulated genes identified hormone signalling 
pathways that were likely altered in the heat-stressed S. viridis plants. But the 
information generated does not provide a detailed view of each hormone signalling 
pathway, and the statistical analysis was limited by the number of genes/orthologues 
analysed (in some cases these numbers are very small). Therefore, analysis of 
individual hormone pathways was carried out by examining gene expression changes 
associated with hormone biosynthesis/degradation and hormone signalling, as the 
expression of these genes is under the regulation of the particular hormone considered. 
6.2.3.1 Salicylic acid (SA) 
GO enrichment analysis in 6.3.1 showed that genes involved in response to SA 
were significantly overrepresented in the down-regulated genes in the heat-stressed 
plants (Table 6.1), so we first investigated the SA-associated transcriptional response. 
Two pathways are responsible for SA biosynthesis: (1) the Phenylalanine Ammonia 
Lyase (PAL) pathway and (2) the Isochorismate Synthase (ICS) pathway (Figure 6.3A). 
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Only expression of PAL isoforms was detected at levels above the threshold to be 
considered expressed (>20 RPKM). All the PAL isoforms were significantly down-
regulated in the heat-stressed plants. At the time of the analysis, ICS was not 
annotated in the S. italica genome v2.1, but was later assigned to the locus 
Seita.2G185400.1 in genome v2.2. It was omitted from this analysis because it would 
involve re-analysing the whole RNASeq dataset. Other genes involved in the ICS 
pathway, including Avrpphb Susceptible 3 (PBS3), Enhance Pseudomonas 
Susceptibility 1 (EPS1), and Enhanced Disease Susceptibility 1 (EDS1) were either 
not expressed or their orthologues not found in the Setaria genome. This raises 
questions regarding the function of the ICS pathway in Setaria, as it was shown to be 
the major pathway leading to SA accumulation in response to pathogen attack in 
Arabidopsis (Dempsey et al., 2011). Genes that were previously shown to be negative 
(repressors) or positive (activators) regulators of SA biosynthesis (Groszmann et al., 
2015, Vlot et al., 2009) were mostly significantly down-regulated in the heat-stressed 
plants (Figure 6.3B). The glucosylation or methylation of SA were thought to render SA 
inactive (Dempsey et al., 2011). The SA-specific UDP-glucosyltransferase, UGT74F2, 
showed up-regulation under heat, while the methyl esterase, MES7, which is 
responsible for the release of active SA from methyl-SA, was down-regulated (Figure 
6.3A). Together, the transcriptional profile of genes involved in SA metabolism point to 
a down-regulation of SA biosynthesis and up-regulation of SA glucosylation, which 
together would lead to a lower SA level, in the heat-stressed plants. 
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  Consistent with a reduction in SA level, genes which are known to be involved 
in SA signal perception, and SA downstream targets were mostly down-regulated 
(Figure 6.3C). These included members of the TGA family of bZIP transcription factors 
TGA 1, 2, 4, and 6, and members of the WRKY family of transcription factors WRKY18, 
53, 62, and 70 (Figure 6.3C). A previous study has shown that SA can act as negative 
regulator of cell expansion – high levels of SA inhibits the expression of promoters of 
cell expansion and induces repressor of cell expansion (Groszmann et al., 2015). 
Genes that are promoters of cell expansion were down-regulated and repressors were 
up-regulated in the heat-stressed plants, which is consistent with the small leaf/cell 
phenotype observed in these plants (see Chapter 3). This result is inconsistent with 
the role of SA in suppressing cell expansion, suggesting that the genes involved in 
controlling cell expansion were under the regulation of other hormones/processes, not 
SA. 
6.2.3.2 Jasmonic acid (JA) 
The leaf JA biosynthesis pathway and the associated genes is shown in Figure 
6.4A. Positive feedback regulation of the expression of JA biosynthetic genes was 
known to be exerted by JA itself (Turner et al., 2002). Four PLDa1 genes encoding for 
Phospholipase D a are expressed in S. viridis. The most highly expressed isoform 
Si000337m.g was significantly up-regulated by heat (Figure 6.4A). One PLDa1 isoform 
(Si028941m.g) was down-regulated, while the other two did not change significantly. 
The expression of Lipoxygenase 2s (LOX2s) also significantly increased in the heat-
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stressed plants. There were no significant changes in the expression of Allene Oxide 
Synthase (Wang et al.) and Allene Oxide Cyclase (AOC). The expression of OPDA 
Reductase 3 (OPR3) and Jasmonate Methyltransferase (JMT) was not detected in the 
leaves of S. viridis (Figure 6.4A).  
JA-regulated genes were selected by performing literature search and their 
expression under heat stress were examined (Turner et al., 2002, Sasaki et al., 2001). 
There was significant up-regulation of one Strictosidine Synthase (Str) family protein, 
IAA Alanine Hydrolase (IAR3), Anthranilate Synthase a-chain (ASA1), Tryptophan 
Synthase b-chain (TSB2), and Chlorophyllase 1 (CLH1) (Figure 6.4B). The negative 
regulator of JA signalling JAZ1 were down-regulated by heat (Figure 6.4C). Worth 
noting is that for many well-known JA-regulated genes, including the vegetative 
storage protein (VSP), thionin2.1 (Thi2.1), plant defensing 1.2 (PDF1.2), and the 
ORCA3 transcription factor (Turner et al., 2002), no orthologues were found in the 
Setaria genome. Only distantly related orthologous genes for each of these JA-
regulated gene was identified by BLAST against the S. italica genome v2.2, and none 
of these were expressed in the leaf of S. viridis (not shown), suggesting a possible 
diversification of the JA signalling pathway from that of Arabidopsis. Nonetheless, the 
up-regulation of PLDa1, LOX2, Str, IAR3, TSB2, and CLH1 suggests an elevated JA 
response in the heat stressed plants, which is also in agreement with the global 
analysis shown in Table 6.3. 
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6.2.3.3 Ethylene (ET) 
The ethylene biosynthesis pathway is shown in Figure 6.5A. The expression of 
S-adenosyl-methionine synthetase (SAM) 1 and 3, which synthesise the ethylene 
biosynthesis precursor S-adenosyl-methione, was significantly up-regulated in the 
heat-stressed plants (Figure 6.5A). However, ethylene biosynthesis is primarily 
regulated by the rate-limiting step carried out by ACC (1-aminocyclopropane-1-
carboxylic acid) synthase (Wang et al., 2002). ACC synthase  6 and 12 are the isoforms 
expressed in S. viridis leaves, and their expression was significantly down-regulated 
under heat stress. The final conversion of ACC to ET is catalyzed by ACC oxidases 
(ACOs). ACO4 and ACO5 are the main isoforms expressed in S. viridis leaves. One 
ACO4 isoform was up-regulated while one ACO5 was down-regulated by heat, 
suggesting their differential regulation by ethylene. The ethylene-responsive element 
binding (EREB) protein family of transcription factors, including DREBs (dehydration 
responsive element binding), ERFs (ethylene response factor), HRE1 (hypoxia 
responsive ERF1), and RAP2 family, were mostly down-regulated under heat stress 
(Figure 6.5B). Other well-known ethylene inducible genes that are involved in plant 
response to pathogen attack, including the basic-chitinase and the beta-1,3-glucanase 
2 (BGL2) (Solano et al., 1998), were significantly down-regulated by heat (Figure 6.5C). 
Altogether, this transcriptional response in the heat-stressed S. viridis suggests a 
down-regulation of ethylene response under heat.  
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6.2.3.4 Indole-3-acetic acid (Pieterse et al.) 
Multiple IAA biosynthesis pathways have been postulated. Figure 6.6A shows 
the two tryptophan-dependent pathways responsible for IAA synthesis in plant species 
other than the Brassicaceae family (Mano and Nemoto, 2012). The expression of 
Tryptophan Aminotransferase Related 2 (TAR2) did not change significantly under 
heat (Figure 6.6A). Two aldehyde oxidase 1 (AAO1) genes were found to be expressed, 
the gene with higher expression level (i.e. higher RPKM) (Si033914m.g) was down-
regulated significantly under heat, while the minor isoform (Si033946m.g) was up-
regulated. The gene known to be responsible for the indole-3-acetamide pathway, 
Indole-3-acetamide hydrolase (AMI1), was significantly down-regulated under heat 
(Figure 6.6A). These data suggest a down-regulation of auxin biosynthesis in the heat-
stressed plants. 
The level of free auxin in plants can also be regulated by the production of auxin 
conjugates (to amino acid or sugar), which result in inactivation and temporary storage 
of auxin (Ludwig-Müller, 2011). The liberation of free auxin can be achieved by 
hydrolysis of the auxin conjugates by auxin conjugate hydrolases (Rampey et al., 
2004). In the heat-stressed plants, there was a significant up-regulation of IAA-Alanine 
conjugate hydrolase (IAR3), IAA-Leucine conjugate hydrolase (ILR1), and ILR1-like 3 
(ILL3) (Figure 6.6B). This may be a response to compensate for the down-regulation 
of auxin biosynthesis.  
Of the known auxin inducible marker genes that were differentially expressed 
under the heat stress conditions, significant down-regulation was observed. These 
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genes include IAA inducible transcription factors (IAA3, IAA8, IAA17, IAA26, IAA31), 
dormancy/auxin associated family protein (DRM1 and DRM2), and PIN-FORMED 5 
(PIN5) (Figure 6.6C). This result was consistent with reduced auxin signalling in the 
leaves of the heat-stressed plants.  
6.2.3.5 Abscisic acid (ABA) 
The regulation of ABA biosynthesis was shown to be through transcriptional 
regulation of ABA biosynthetic genes (Xiong and Zhu, 2003). In S. viridis, the basal 
expression level of the two Zeaxanthin Epoxidase (ZEP) genes in the non-stressed 
control plants were very low, but heat stress significantly induced the expression of 
one ZEP gene (Figure 6.7A). There were no significant changes in the expression of 
9-cis-epoxycarotenoid dioxygenase (NCED) in the long-term heat stressed plants 
(Figure 6.7A). The expression level of SDR genes did not change significantly either 
under heat stress (Figure 6.7A), and this was consistent with the literature suggesting 
that the expression of SDR genes are not regulated by stress (Cheng et al., 2002, 
González-Guzmán et al., 2002). The last step of ABA biosynthesis is catalyzed by ABA 
aldehyde oxidase (AAO). Five AAO isoforms were found to be expressed in the leaves 
of S. viridis. AAO1 is shared between IAA and ABA biosynthesis pathway, the 
expression of all AAO isoforms (except for one AAO1 gene) significantly increased 
under heat stress (Figure 6.7A).  
Two pathways are responsible for the catabolism of ABA: (1) oxidation by ABA-
8’-hydroxylases encoded by CYP707A family of Cytochrome P450 proteins, (2) 
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conjugation by ABA-specific glucosyltransferases (Finkelstein, 2013). We found three 
CYP707A gene orthologues expressed in the leaves of S. viridis, two of them 
(Si017109m.g and Si029603m.g) were significantly down-regulated, while one 
(Si013619m.g) was significantly up-regulated by heat stress (Figure 6.7A). The known 
ABA-specific glucosyltransferases in Arabidopsis include UGT71B6, UGT75B1, 
UGT84B1, UGT84B2, and UGT71G5 (Lim et al., 2005, Liu et al., 2015). Expression of 
these UGT genes was not detected in this study. 
ABA-inducible maker genes were significantly up-regulated by heat. These 
include the transcription factors ABA Responsive Elements-Binding Factors (ABF2, 
ABF3, and ABF4), the protein phosphatase 2C family of ser/thr protein phosphatases 
Highly ABA Induced 2 and 3 (HAI2 and HAI3) and ABA-Hypersensitive Germination 1 
(AHG1) (Figure 6.7B). Open stomata 1 (OST1) is a SNF1 –related protein kinase 
(SnRK2), and one OST1 isoform (Si036531m.g) significantly increased in transcript 
expression while two other isoforms significantly decreased (Figure 6.7B).  
The transcriptional profile of the heat-stressed plants, including significant up-
regulation of some ABA biosynthetic genes, down-regulation of ABA degradation 
genes, and up-regulation of many ABA inducible marker genes (Figure 6.7), is 
consistent with an increase in the accumulation of ABA in the heat-stressed plants.    
6.2.3.6 Cytokinins (CK) 
The CK biosynthesis and metabolism pathway is shown in Figure 6.8A. 
Although orthologues of adenosine phosphate-isopentenyltransferases (IPTs), 
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cytochrome P450 CYP735A1, CYP735A2, and LONELY GUY (LOGs) have all been 
identified in the Setaria genome (Figure 6.8C), the expression of most of these CK 
biosynthetic genes were too low to be considered “expressed” in the leaf tissues 
sampled. This is consistent with a previous study showing expression of CK 
biosynthesis genes in the meristem tissues of the root, leaf and reproductive organs in 
Arabidopsis (Miyawaki et al., 2004). Of the expressed CK biosynthetic genes in the 
leaf, IPT9 was significantly up-regulated, while LOG 3 and LOG 8 were down-regulated 
(Figure 6.8A).  
Cytokinin dehydrogenase (CKX) is responsible for the irreversible degradation 
of CKs (Frébort et al., 2011). Of the expressed CKXs, CKX1 was up-regulated by heat 
stress, while CKX5 was down-regulated. The expression of the CK-specific 
glucosyltransferases (ZOG), which are responsible for the reversible glucosylation of 
CKs, also showed up- and down- regulation of the different isoforms (Figure 6.8A). 
The type-A response regulators (ARRs) are transcription factors known to be 
induced by CK treatment in Arabidopsis, Rice, and Brachypodium (Bhargava et al., 
2013, Raines et al., 2016, Kakei et al., 2015). Most of the expressed ARRs in this 
experiment were significantly down-regulated in the heat-stressed S. viridis (Figure 
6.8B).   
Despite differential regulation of some CK biosynthesis genes, the down-
regulation of CK-inducible genes including LOGs, CKXs, ZOGs, and ARRs is more 
consistent with a down-regulation of CK response in the heat-stressed plants.  
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6.2.3.7 Gibberellins (GA) 
Gibberellins (GA) are a group of diterpenoids that is mainly present in rapidly 
growing tissues, such as the shoot apical meristems and developing seed (Aach et al., 
1997, Choi et al., 1995). The expression of ent-Copalyl Diphosphate Synthase (CPS), 
ent-Kaurene Synthase (KS), ent-Kaurene Oxidase (KO), ent-Kaurenoic Acid Oxidase 
(KAO), and 2-oxoglutarate-dependent GA3-oxidase (GA3ox) was detected at low 
levels in the fully expanded leaves in this experiment (Figure 6.9A). The expression of 
CPS1, KS, and KO1 was significantly down-regulated by heat stress, while GA3ox was 
up-regulated. There were no significant changes in the positive and negative regulators 
of GA signalling, including the negative regulator the DELLA protein GAI (Figure 6.9B 
and C). Given that GA biosynthesis is feedback regulated, supported by the down-
regulation of GA20ox and GA3ox gene expression upon exogenous GA treatment 
(Hedden and Phillips, 2000, Yamaguchi and Kamiya, 2000),  and the up-regulation of 
GA20ox and GA3ox expression in mutants defective in GA signalling (Amador et al., 
2001, Ueguchi-Tanaka et al., 2005), the results here are consistent with a down-
regulation of GA biosynthesis in the heat-stressed plants. 
6.2.3.8 Brassinosteroids (BR) 
The BR biosynthesis pathway is shown in Figure 6.10 (Fujioka and Yokota, 
2003, Ohnishi et al., 2006, Bishop, 2007). The transcript levels of DET2 and CYP90D1 
significantly increased, while the level of CYP85A2 (BR6ox2) reduced in the heat-
stressed plants (Figure 6.10A). The expression of CYP90B1 (DWF4) and CYP90A1 
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(CPD) remained unchanged under heat. The BRI1 gene is a plasma membrane 
localised BR receptor and positively regulates BR signalling (He et al., 2000, Kinoshita 
et al., 2005). The expression of BRI1 significantly increased under heat (Figure 6.10B). 
The gene BIN2 is known as a negative regulator of BR signalling (Choe et al., 2002, Li 
and Nam, 2002, Li et al., 2001), and the three BIN2 isoforms detected in this study 
were all significantly decreased.  These results are consistent with an increase in BR 
signalling responses in the heat-stressed plants. The down-regulation of BR6ox2 can 
be explained by the feedback regulation of BR biosynthesis - the expression of BR6ox2 
was shown to be down-regulated by brassinolide (the most biologically active C28 BR) 
and BRI1 (Bancosİ et al., 2002). In addition, there was up-regulation of DWF1, which 
catalyses the synthesis of campesterol (Figure 6.10D), which is the precursor for BR 
biosynthesis.   
6.2.4 Hormone measurements by LC-MS confirmed the increase in ABA under heat 
stress 
Leaf samples from the heat stress experiment were retained and later used for 
hormone measurements by LC-MS to confirm the analysis results from the 
transcriptomics data (as in section 6.3.3). Due to limitations on availability of the LC-
MS analysis method, the abundance of SA, JA, ABA, IAA and several IAA derivatives 
were measured. Figure 6.11 shows the absolute amount of each hormone per gram 
of leaf fresh weight.  The levels of SA, JA and IAA did not change significantly, and 
this did not agree with prediction made from the transcriptomics analysis. The level of 
phenylacetic acid (PAA), an auxin analogue in plants, did not change significantly 
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either. However, the level of ABA increased about 20-fold in the heat-stressed plants 
as compared to the control, confirming the prediction from then transcriptomics 
analysis. What was interesting was that although the level of IAA did not change, 
there was massive accumulation of IAA-Aspartate amino conjugate in the heat-
stressed plants. IAA-Aspartate amino conjugate is not detectable in the control 
plants. In addition, there was also a significant accumulation of IAA-Alanine amino 
conjugate in the heat-stressed plants. The significance of these auxin-amino 
conjugate will be discussed. 
6.3 Discussion 
6.3.1 Cross-species transcriptome comparisons presented many challenges 
Comparison of transcriptomics data between different studies is a commonly 
used technique for revealing functional links between genes and pathways. In the 
current study, the transcriptome profile of the heat-stressed S. viridis plants was 
compared to the Arabidopsis transcriptional responses to different phoytohormone 
treatments. Studies in Arabidopsis were chosen because there are no such datasets 
available for grasses or C4 plants and the Arabidopsis datasets are typically the most 
comprehensive. The Setaria-Arabidopsis orthologous gene information is also readily 
available. In each comparison, genes known to be regulated by a hormone were 
identified to be present in the expressed gene list in both datasets, then the direction 
of their response change were compared. However, the analysis presented many 
challenges. Firstly, there may be multiple Setaria genes assigned to the same 
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Arabidopsis orthologue, as a result of genome duplication events in Setaria. This 
presents challenges in interpretation of the data when the homologous genes 
responded differently to heat stress in Setaria. Secondly, many hormone-regulated 
genes were expressed at undetectable levels in Setaria during the current study, 
leading to the comparison of a very small number of genes, which may not be 
statistically representative. Thirdly, given their evolutionary distance, there may be 
divergence in the hormone response pathway between Arabidopsis and Setaria. This 
may explain why in the global comparison to hormone response data, not many 
“significant hits” were obtained (Table 6.2), and some “hits” were even contradictory to 
results from the more detailed hormone pathway analysis. As the research community 
becomes more interested in C4 biology, the transcriptome responses of maize, 
sorghum or Setaria itself to different phytohormone treatments will hopefully become 
available, which will make such comparison more fruitful in the future. 
6.3.2 All major hormone response pathways were implicated in the heat stress 
response in S. viridis 
Given that the major physiological response to heat stress in S. viridis was 
stunted growth in both shoot and root as shown in Chapter 3, the involvement of 
hormone signalling was investigated, because hormones are major regulators of plant 
growth and response to stress. Analysis of the transcriptional responses associated 
with individual hormone pathways suggests that all the hormone signalling pathways 
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were impacted by heat stress. The roles of different hormones in conferring plant heat 
tolerance and regulating plant growth will be discussed in the following sections. 
6.3.2.1 JA, SA and ET are involved in thermotolerance of S. viridis 
The accumulation of SA and JA have been shown to both promote the basal 
tolerance of Arabidopsis plants during heat shock, but SA was not essential for 
acquired thermal tolerance (Clarke et al., 2004, Clarke et al., 2009b). The distinction 
between “basal” and “acquired” thermotolerance in these studies is that basal 
thermotolerance refers to the natural ability to cope with heat shock, whereas acquired 
thermotolerance refer to acclimation strategies to ameliorate the effects of longer-term 
heat stress (Hong and Vierling, 2000). Accordingly, strategies for combating heat 
stress imposed on S. viridis plants in the current study would be associated with 
acquired thermotolerance, as the heat treatment was for 2 weeks (long-term). The 
transcriptome data suggested an increase in the JA-associated transcriptional 
response but a decrease in the SA-associated transcriptional response (Figure 6.3 and 
6.4) although this could not be confirmed by hormone measurement (Figure 6.11). 
Despite this discrepancy, a higher JA level and lower SA level would indeed be in 
agreement with the antagonistic relationship between SA and JA signalling, which is 
frequently observed during plant response to pathogen attacks (Spoel et al., 2003, 
Felton and Korth, 2000, Pieterse et al., 2000). The ability of JA to enhance 
thermotolerance was shown to be in a dose-dependent manner, suggesting that in vivo 
JA signalling depends on the amount of active JA (Clarke et al., 2009a). Therefore, if 
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there is a strong induction of JA under heat stress in S. viridis, it would be expected to 
inhibited SA accumulation under heat stress.  
There is conflicting evidence regarding the roles of ET in thermotolerance in 
Arabidopsis. Larkindale et al. (2002) showed that the ethylene-insensitive mutant etr-
1 have increased susceptibility to heat shock, whereas Clarke et al. (2009) 
demonstrated enhanced thermotolerance in the ethylene-insensitive ein2-1 mutant. 
Exogenous application of ET did not confer enhanced thermotolerance, despite ET 
production being shown to increase in heat-stressed plants (Ahammed et al., 2016). 
This led to the general belief that the induction of ET is associated with the initiation of 
stress-induced cell death instead of a mechanism to combat heat stress (Clarke et al., 
2009a, Kazan, 2015). Hence, the down-regulation of ET associated transcriptional 
response in the heat-stressed S. viridis (Figure 6.5) could be seen as an indication of 
its resilience under heat and as a response to prevent heat-induced cell death.  
How could the changes in SA, JA and ET response in S. viridis promote survival 
under long-term heat? The primary mechanism is likely through their links to ROS 
production and scavenging (Figure 6.11). Heat stress is known to induce oxidative 
damage and the production of ROS in plants (Larkindale and Knight, 2002, Gong et 
al., 1998, Noctor and Foyer, 1998). In Chapter 4, evidence for the induction of 
antioxidant enzymes in the heat-stressed plants was also demonstrated, pointing to 
increased ROS production under heat (Figure 4.5). SA is closely involved in 
modulating the response to ROS during plant biotic and abiotic stress responses 
(Herrera-Vásquez et al., 2015). An apoplastic ROS burst during pathogen infection, 
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exposure to ozone and UV-B have been shown to trigger SA biosynthesis and 
signalling (Wrzaczek et al., 2013, Mammarella et al., 2015, O’Brien et al., 2012, Ogawa 
et al., 2007, A.-H.-Mackerness et al., 2001). Evidence for the induction of SA signalling 
by ROS produced in the chloroplasts and peroxisomes during other abiotic stresses 
such as drought is less direct (Herrera-Vásquez et al., 2015). SA accumulation in turn 
has been shown to enhance ROS accumulation in a feed-forward fashion, through its 
inhibitory effect on ROS scavenging enzymes catalase and cytosolic ascorbate 
peroxidase (Chen et al., 1993, Durner and Klessig, 1995, Miura and Tada, 2014). The 
accumulation of ROS during the early stress response is important for the induction of 
defence mechanisms to reduce stress-induced damage. Paradoxically, SA has also 
been shown to promote ROS scavenging through its interaction with the glutathione 
pathway (Han et al., 2012, Dubreuil-Maurizi and Poinssot, 2012, Foyer and Noctor, 
2011a). The results in Chapter 4 showed a down-regulation of glutathione peroxidases 
(GPXs) and up-regulation of ascorbate peroxidases (APXs) (Figure 4.5) in the heat-
stressed plants, which is consistent with a role for SA in inhibiting APXs and promoting 
GPXs (Chen et al., 1993, Durner and Klessig, 1995, Miura and Tada, 2014) (Han et 
al., 2012, Dubreuil-Maurizi and Poinssot, 2012, Foyer and Noctor, 2011a). The 
differential regulation of APXs and GPXs also raises questions on the balance between 
the ascorbate and the glutathione pathway in heat-stressed plants, as both are 
important ROS scavenging systems, and the implication this may have on the general 
cellular redox state.  
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On the other hand, JA has been shown to play a positive role in the survival of 
plants exposed to ozone, while ET played a negative role and correlated with 
superoxide-dependent cell death (Overmyer et al., 2000, Tamaoki et al., 2003, 
Tuominen et al., 2004). This clearly suggests a positive role for JA and a negative role 
for ET in oxidative stress response (Figure 6.11). In addition to their involvement in 
ROS production and scavenging during plant oxidative stress, each hormone has been 
shown to induce the expression of genes implicated in stress response. Both SA and 
JA have been shown to induce transcriptional cascade that lead to the expression of 
heat shock proteins (Ahammed et al., 2016). However, the current results are leaning 
towards a protective effect against long-term heat stress in S. viridis conferred through 
the activation of JA signalling, and the deactivation SA and ET signalling. In future 
experiments, the measurements of JA and SA levels should avoid using tissues that 
are stored for a long time. 
6.3.2.2 The S. viridis heat stress response was dominated by the ABA-
dependent pathways 
ABA is an abiotic stress-induced hormone best known for its functions in plant 
response to dehydration (Xiong and Zhu, 2003). ABA induces stomata closure under 
conditions of water deficit. The involvement of ABA in plant heat stress response was 
ascertained using ABA-insensitive Arabidopsis mutants, which had increased 
susceptibility to heat stress; and exogenous application of ABA enhanced heat 
tolerance (Larkindale et al., 2005, Larkindale and Knight, 2002, Li et al., 2015, Liu et 
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al., 2006). A positive role for CK in plant heat shock response was also demonstrated, 
the effect was linked to leaf cooling due to enhanced transpiration as a result of CK-
induced stomata opening and a transient increase in ABA catabolism (Macková et al., 
2013, Farber et al., 2016). The roles of ABA and CK in plant heat tolerance seem 
contradictory, given their opposing effects on stomatal conductance. However, the 
increase in leaf transpiration is likely only a transient early stage response to heat. As 
heat stress progresses, high transpiration can eventually impose water limitation on 
the plant, and the effect of the ABA-induced stress response prevails. In this 
experiment, the transcriptional responses suggest a decrease in CK- and an increase 
in ABA-signalling in the heat-stressed plants (Figure 6.7 and 6.8), and measurement 
of ABA confirmed that the heat-stressed plants accumulated very high levels of ABA 
in their leaves (Figure 6.11). Concomitant with this change is the lower stomatal 
conductance at high measurement temperature (45 °C) in the heat-stressed plants 
(see Figure 3.4). This suggests that the heat acclimation strategy of S. viridis involved 
changes in stomatal behaviour through the up-regulation of ABA and down-regulation 
of CK signalling. Even though the plants grown under heat were well-watered in this 
experiment, they could still experience water limitations due to stunted root growth (as 
a result of other factors that influence growth), therefore restricting plant water uptake. 
Additionally, the long-term up-regulation of ABA signalling may be a driving force that 
contributed to the stunted growth in the heat-stressed S. viridis, as ABA has been 
shown to inhibit growth and Arabidopsis mutants with constitutive active ABA signalling 
showed stunted growth (Finkelstein, 2013).  
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The ABA-induced stress response under heat included the up-regulation of the 
ABFs (ABA-binding factors) transcription factors (Figure 6.7B), which in turn, can up-
regulate a range of stress-responsive genes (Choi et al., 2000). Plants are also known 
to respond to abiotic stress in an ABA-independent manner. One of the main regulators 
of ABA-independent stress response is the DREB (dehydration responsive element 
binding) proteins, which belong to the APETALA2 (AP2)/ethylene responsive factor 
family of transcription factors (Lata and Prasad, 2011). The expression of DREB1 
genes is induced by cold stress, and the DREB2 genes are induced by drought, salt, 
and heat stresses (Lata and Prasad, 2011). The expression of DREB1A, DREB1B, 
and DREB1C was strongly down-regulated in the heat-stressed plants in this 
experiment, while there was no change in the expression of DREB2C (Figure 6.5B). 
This suggests that the induction of DREB1 is low temperature-specific, and ABA-
independent stress response was not initiated under heat stress in S. viridis, which 
indicates the dominant role of the ABA-dependent stress response pathway.  
6.3.2.3 Increase in BR signalling may also contribute to heat stress tolerance 
of S. viridis plants 
The induction of BR signalling in the heat-stressed plants may also contribute 
to their heat tolerance (Figure 6.10). A previous study showed that exogenous 
application of BR to tomato plants correlated with the up-regulation of antioxidant 
enzyme activities and maintenance of photosynthetic performance during long-term 
heat stress (Ogweno et al., 2008). The role of BR in promoting the expression of 
antioxidant genes such as APXs, and the activities of antioxidant enzymes has been 
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clearly established (Ogweno et al., 2008, Xia et al., 2009, Nie et al., 2013). BR was 
also shown to promote the expression and accumulation of heat shock proteins, and 
protected the translation machinery in Brassica napus under heat stress (Dhaubhadel 
et al., 2002).  The link between BR signalling and photosynthetic performance, and 
protein translation is probably circumstantial, and is probably a general reflection of its 
ability to induce HSPs and ROS scavenging enzymes, which protect a range of cellular 
processes from heat-caused damage.  It is worth noting is that the BR-induced stress 
response showed a dependency on the endogenous level of ABA (Zhou et al., 2014), 
which further suggests the central role of ABA in thermotolerance in S. viridis.  
6.3.2.4 Decrease in IAA, GA and CK signalling contributed to stunted growth in 
S. viridis under heat 
Down-regulation of IAA (auxin)-, CK-, and GA-associated transcriptional 
responses was observed in the heat-stressed plants (Figure 6.6, 6.8, 6.9). Although 
the actual level of IAA did not change significantly under heat, the massive 
accumulation of IAA-amino conjugates would correlate with the deactivation of IAA 
through conjugation. The observed stunted growth in the heat-stressed plants (Chapter 
3 Figure 3.1) was therefore consistent with the down-regulation of these growth 
promoting hormones (Verma et al., 2016). What are the underlying mechanisms 
behind the down-regulation of these growth promoting hormones under heat stress 
condition? As already discussed above, the induction of ABA accumulation and 
signalling would lead to the down-regulation of CK biosynthesis and response (see 
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6.4.2.2). The antagonistic interaction between GA and ABA has been well established 
in the case of seed dormancy and germination (Golldack et al., 2013). Crosstalk 
between ABA and GA signalling pathway is modulated by DELLA proteins (Golldack 
et al., 2013, Verma et al., 2016). ABA maintains seed dormancy by inhibiting water 
uptake and facilitating growth arrest through the stabilization of the growth repressor 
protein DELLAs under the harsh conditions of seed storage (Karssen et al., 1983, 
Schopfer et al., 1979, Finkelstein and Lynch, 2000). The arrival of favourable 
environmental conditions (availability of water, light and temperature) induces GA 
biosynthesis and signalling and this overcomes the growth inhibition effect of ABA 
through the GA-induced degradation of DELLA proteins, thus promoting germination 
(Bewley, 1997, Achard and Genschik, 2009, Jiang and Fu, 2007) (Figure 6.11). In the 
current study, the expression of two GAI genes belonging to the DELLA family of 
proteins (Figure 6.9). Their expression did not significantly change under heat stress 
(Figure 6.9), commensurate with evidence in other species that the regulation of 
DELLA protein is not transcriptional, but rather through regulation of protein 
degradation via the 26S proteasome pathway (Achard and Genschik, 2009, Jiang and 
Fu, 2007). In addition to the crosstalk between GA and ABA through DELLA proteins, 
crosstalk between GA and JA, and GA and ET pathways has also been shown to be 
mediated by DELLA proteins. JA signalling induces the expression of DELLA protein 
RGL3, which in turn positively regulate JA directed stress response pathways (Hou et 
al., 2010, Wild and Achard, 2013). The interaction between DELLA proteins and ABA, 
GA, JA, and ET signalling places DELLA proteins at the centre of hormone signalling 
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crosstalk (Figure 6.11), and our hormone response analysis in the heat stress 
experiment points toward an increased accumulation of DELLA protein, which is 
responsible for the growth inhibition observed in the heat-stressed plants. 
The interaction between auxin and other hormones under abiotic stress 
conditions is less well-understood. Although auxin has been linked to mild heat stress-
induced hypocotyl elongation (Gray et al., 1998, Maharjan and Choe, 2011), this 
phenomenon is most likely irrelevant to the current study due to the magnitude of the 
heat stress and the different developmental stage of the plants under study. One study 
in the literature showed that high temperature caused repression of auxin signalling in 
developing anther cells and cell proliferation arrest. Exogenous application of IAA was 
able to rescue anther cell development and lead to the production of normal pollen 
grains under heat (Higashitani, 2013). In the current experiment, the heat-stressed S. 
viridis plants failed to produce viable seeds, but a detailed analysis of the causes was 
not carried out. Given the down-regulation of auxin response at the leaf level, it may 
be speculated that a suppression of auxin biosynthesis and signalling contributed to 
both the inhibited growth of the leaf and root tissue, as well as failure of seed production. 
It would be interesting to determine if exogenous application of IAA could rescue this 
phenotype under heat stress. The propagation of auxin signalling involves the 
Phytochrome Interacting Factor 4 (PIF4), a basic helix-loop-helix transcription factor 
(Franklin et al., 2011). An Arabidopsis PIF4 orthologue was not found in the annotated 
Setaria transcriptome, and a manual BLAST search identified the most closely related 
gene to AtPIF4 is PIF3 (Si035110m.g), although the sequence homology is very low. 
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This may suggest a possible divergence in the auxin response pathway. However, the 
expression of SiPIF3 was significantly down-regulated under heat stress (Figure 6.6), 
consistent with a decrease in auxin signalling. Since PIFs also interact with HY5 in the 
regulation of photosynthesis gene expression (Toledo-Ortiz et al., 2014) (also see 
Chapter 3 discussion), the role of PIF3 in the Setaria heat stress response is worthy of 
further investigation.  
There is some evidence for the involvement of IAA conjugates in plant abiotic 
stress tolerance (Ludwig-Müller, 2011). A temperature-sensitive variant of henbane 
(Hyoscyamus muticus L.) cells has been shown to fail to accumulate IAA-Asp 
conjugate, and the temperature sensitivity could be rescued by exogenous supply of 
IAA or IAA-Asp (Oetiker and Aeschbacher, 1997). This suggests that the accumulation 
of IAA-Asp in the heat stressed S. viridis plants may be involved in heat tolerance of 
the plants, and its exact function is worthy of investigation. In addition, it should be 
noted that the decrease in the level of aspartate under heat stress (Chapter 3 and 5) 
may also be related to the accumulation of IAA-Asp. 
6.3.3 Interaction between hormone and sugar signalling pathways through TOR 
kinase 
According to the hormone and TOR interaction network set out in Figure 6.2, 
which is built on knowledge obtained from previous studies in the literature 
(Schepetilnikov et al., 2017, Deng et al., 2016, Zhang et al., 2016, Song et al., 2017, 
Wang et al., 2018), the hormone response results shown in this chapter were 
correlated with a dissociation of TOR complex and deactivation of TOR signalling 
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under heat stress, as the level of ABA and JA signalling response increased and the 
level of auxin response decrease in the heat-stressed plants. However, the analysis 
in section 5.3.2.3 suggested an up-regulation of TOR signalling response which was 
correlated with high sugar levels. Therefore, it is not hard to see that the high sugar 
level under stress and changes in hormone levels present a conundrum on the 
activation status of TOR pathway – how the TOR kinase respond to conflicting signal 
input (for example, high sugar and low auxin) is an interesting question. Is it possible 
that the dissociated TOR complex play a different set of functions under stress that is 
independent of its kinase activity? Given its central role in nutrient, environment, and 
hormone sensing, some important questions remain to be answered about the 
function of TOR – especially, its role in source tissues under normal and stress 
conditions is not well understood. Future studies may focus on understanding its role 
in stress response, particularly in crop species, as evolutionary divergence from 
Arabidopsis TOR signalling pathway might have occurred, making it difficult to 
translate findings from Arabidopsis studies. Already, one recent study in rice showed 
that overexpression of TOR promoted plant growth, but increased plant susceptibility 
to pathogen attacks due to the antagonistic interaction between TOR and JA/SA 
signalling pathway (De Vleesschauwer et al., 2018). This demonstrated the 
involvement of TOR signalling in both plant growth and stress response, and how the 
two processes may interact through TOR.     
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6.4 Conclusion and future perspectives 
An overview of the hormone signalling response under heat stress in S. viridis is 
shown in Figure 6.12. Correlative analysis of the transcriptomics data suggests that 
increases in ABA-, JA- and BR- signalling played important roles in the 
thermotolerance of Setaria under long-term heat stress. A number of growth-
promoting hormone (IAA, GA, CK) pathways were down-regulated as a consequence 
of heat, correlating with the reduced growth in the heat-stressed plants. Direct 
hormone measurement confirmed the accumulation of ABA in the heat-stressed 
plants, confirming an ABA-dominated stress response and growth suppression. The 
accumulation of IAA conjugates (IAA-Asp and IAA-Ala) may also play important roles 
in regulating stress response and plant growth under heat stress. 
It can also be appreciated that sugar and ROS play important signalling roles 
during heat stress response, and their interaction with hormone signalling is 
complicated. Proteins such as DELLAs may act as the hub for integrating various 
signalling pathways and direct plant growth and stress response. A better 
understanding of their function in Setaria will aid future efforts in producing more 
stress resilient crops.  
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Up-regulated genes Down-regulated genes 
Biological Process Number of 
significant 
GO terms 
Biological Process Number of 
significant 
GO terms 
Translation 14 Photosynthesis 2 
Establishment of protein localization to 
organelle 
7 Programmed cell death 2 
Ribonucleoprotein complex biogenesis 6 Response to salicylic acid 2 
Single organism reproductive process 4 Ion transport 1 
Methylation 1   
Response to heat 1   
Total items 33   7 
Cellular Component Number of 
significant 
GO terms 
Cellular Component Number of 
significant 
GO terms 
Ribosome 17 Photosynthetic membrane 4 
Cell wall 2   
Membrane-enclosed lumen 1   
Nucleoid 1   
Plasmodesma 1   
Total items 22   4 
Molecular Function Number of 
significant 
GO terms 
Molecular Function Number of 
significant 
GO terms 
Structural constituent of ribosome 1 Protein serine/threonine 
kinase activity 
1 
Structural molecule activity 1   
RNA binding 1   
Total items 3   1 
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Figure 6.1 An 
overview of the roles of hormones in plant heat stress response and heat tolerance. 
Arrows indicate induction/positive correlation, and blocked arrows indicate 
inhibition/negative correlation. Abbreviations: IAA, indoacetic acid (aka. auxin); GA, 
gibberellin; BR, brassinosteroid; CK, cytokinin; ABA, abscisic acid; SA, salicylic acid; 
JA, jasmonic acid; ET, ethylene.  
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Figure 6.2 Interactions 
between the TOR signalling pathway and hormone signalling pathways under normal 
conditions and stress conditions.   
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Figure 6.3 Transcriptional changes associated with salicylic acid (SA) response 
pathway under heat stress in S.viridis. (A) Genes encoding for proteins involved in 
SA biosynthesis and catabolism. Multiple arrows indicate pathway that have not been 
fully elucidated, therefore genes involved not completely known. (B) Known 
regulators SA biosynthesis. (C) Genes known to be involved in SA perception, 
downstream targets of SA, and targets of SA that are involved in regulation of cell 
expansion. The boxes are coloured based on the log2 fold-change of the transcript 
expression level in the heat-stressed plants as compared to the control. The colour 
scale is shown on the bottom right. The numbers shown are the log2 fold change 
value, and are coloured red/yellow if the change is significant (with a padj value 
<0.05). 
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Figure 6.4 The Jasmonic acid (JA) transcriptional responses. (A) The expression 
levels of genes encoding for proteins involved in JA biosynthesis under heat stress. 
(B) Expression of known JA-regulated genes under heat stress. The boxes are 
coloured based on the log2 fold-change of the transcript expression level in the heat-
stressed plants as compared to the control. The colour scale is shown on the bottom 
right. The numbers shown are the log2 fold change value, and are coloured 
red/yellow if the change is significant (with a padj value <0.05). 
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Figure 6.5 The ethylene-related transcriptional responses. (A) 
The expression changes of genes encoding for proteins involved in ethylene 
biosynthesis under heat stress. (B) Expression changes of ethylene-responsive 
transcription factors under heat stress. (C) Other known ethylene-inducible genes. 
The boxes are coloured based on the log2 fold-change of the transcript expression 
level in the heat-stressed plants as compared to the control. The colour scale is 
shown on the bottom right. The numbers shown are the log2 fold change value, and 
are coloured red/yellow if the change is significant (with a padj value <0.05).  
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Figure 6.6 Changes in transcript expression in (A) auxin biosynthesis pathway, (B) 
auxin degradation pathway, and (C) auxin inducible markers. The boxes are coloured 
based on the log2 fold-change of the transcript expression level in the heat-stressed 
plants as compared to the control. The colour scale is shown on the top right corner. 
The numbers shown are the log2 fold change value, and are coloured red/yellow if 
the change is significant (with a padj value <0.05). For auxin biosynthesis genes in 
(A), all of the genes identified and expressed in S.viridis are shown. For (B) and (C), 
only genes that were expressed in the leaves, and have changed significantly under 
heat are shown. For a complete list of genes, including those did not significantly 
change, see Supplementary Table 6A.  
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Figure 6.7 Abscisic acid (ABA) transcriptional response pathways. (A) Expression 
changes of genes in the ABA biosynthesis and degradation pathways. (B) 
Expression changes of representative ABA inducible genes. The boxes are coloured 
based on the log2 fold-change of the transcript expression level in the heat-stressed 
plants as compared to the control. The colour scale is shown on the bottom right. The 
numbers shown are the log2 fold change value, and are coloured red/yellow if the 
change is significant (with a padj value <0.05). 
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Figure 6.8 Transcriptional response associated with cytokinins (CKs). (A) CK 
biosynthesis and metabolism pathway, (B) CK inducible genes, and (C) identified 
orthologues of genes involved in CK biosynthesis and metabolism in Setaria. 
Numbers in (A) and (B) are shown in Log2 scale, if the fold change has a padj value 
of < 0.05, the numbers are coloured red (or yellow in a red background). Boxes are 
colored to indicate up- or down-regulation, and the color scale can be found on the 
bottom left corner. In (C), genes that were not expressed at high enough level to be 
analysed in this study are in black, those already shown in (A) and (B) are marked 
red. 
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Figure 6.9 The gibberellic acid (GA) transcriptional response under heat. (A) GA 
biosynthesis and degradation pathway. (B) Positive regulators of GA response. (C) 
Negative regulators of GA response. Numbers shown are in Log2 scale, if the fold 
change has a padj value of < 0.05, the numbers are colored red (or yellow in a red 
background). Boxes are colored to indicate up- or down-regulation, and the color 
scale can be found on the top right corner. Abbreviations used: CPS, ent-copalyl 
diphosphate synthase; KS, ent-kaurene synthase; KO, ent-kaurene oxidase; KAO, 
ent-kaurenoic acid oxidase; GA20ox, 2-oxoglutarate-dependent GA20-oxidase; 
GA3ox, 2-oxoglutarate-dependent GA3-oxidase; GA2ox, GA2-oxidase. 
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Figure 6.10 The transcriptional response associated with brassinosteroids (BR) in the 
heat-stressed S.viridis. (A) The BR biosynthesis pathway and genes involved in BR 
biosynthesis. (B) Positive regulator of BR signalling. (C) Negative regulator of BR 
signalling. (D) Genes involved in the synthesis of campesterol. Numbers shown are 
in Log2 scale, if the fold change has a padj value of < 0.05, the numbers are colored 
red (or yellow in a red background). Boxes are colored to indicate up- or down-
regulation, and the color scale can be found on the top right corner. 
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Figure 6.11 Measurements of hormone levels using LC-MS. SA, salicylic acid; ABA, 
abscisic acid; JA, jasmonic acid; IAA, indole-3-acetic acid (i.e. auxin); IAA-Asp, auxin-
aspartate amino conjugate; IAA-Ala, auxin-alanine amino conjugate; PAA, 
phenylacetic acid. Asterisks indicate a significant difference at p < 0.05. Number of 
samples measured for each hormone and for each treatment is 4 or 5. 
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Figure 6.12 An overview of the regulation of growth and stress response by 
phytohormones and sugar signalling during heat stress response in S.viridis. Arrows 
indicate a positive relationship where one component stimulate/stabilize the other 
component. Lines with a blunt end indicate inhibitory relationship, where one 
component negatively interact/regulate the other component. Abbreviations used: 
ABA, abscisic acid; CK, cytokinin; GA, gibberellin; BR, brassinosteroid; SA, salicylic 
acid; JA, jasmonic acid; ROS, reactive oxygen species; TOR, target of rapamycin; 
SnRK1, sucrose non-fermenting related kinase 1; HY5, long hypocotyl 5; BZR, 
brassinosteroid positive regulator related; BIN2, brassinosteroid insensitive 2; ABI4, 
ABA insensitive 4; PIF, phytochrome interacting factor.   
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7 General Discussion 
Highlights: 
 
• An overview of the transcriptomics and proteomics data using MapMan 
categories suggests protein synthesis and photosynthesis were the most 
significantly changed categories under heat.  
• A model was proposed for how ROS was centrally involved in the heat stress 
response of the plant by incorporating data from Chapters 3-6. 
• Limitations and perspectives on the multi-omics approach used in this study is 
analysed, including resolving the cell localizations of transcripts, protein and 
metabolites, and incorporating more time points. 
 
 
7.1 Introduction 
High temperature is increasingly recognized as a major environmental stress 
factor that negatively impacts our agricultural production and ecosystem health 
(Deryng et al., 2014, Christopher Alan, 2014). Understanding the mechanisms of 
plant heat stress response and heat tolerance is therefore imperative for crop 
improvement. In this thesis, a systematic approach (including plant physiology, 
anatomy and multiple omics technologies) was taken to investigate several aspects 
of plant metabolism in response to long-term heat stress in the model C4 species, S. 
viridis.  
In Chapter 3, it was shown that long-term heat stress significantly reduced plant 
growth, which is related to smaller cell sizes in the leaf, but there was no impact of 
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heat on leaf Kranz anatomy. While heat stress produced no major negative impacts 
on leaf photosynthetic rates on a leaf area basis, most photosynthesis-related genes 
were significantly down-regulated at the transcript level. However, the corresponding 
protein abundance for these genes were showing trends of decrease by the changes 
were mostly insignificant under heat. Several genes involved in photorespiration 
showed significant increases at the protein level, together with the metabolite profile, 
indicating an increase in photorespiration under heat. There were significant 
increases in ASP-AT and ALA-AT protein abundance, leading to a hypothesis of 
shifting fluxes through different C4 carbon-concentrating pathways (discussed later).  
Chapter 4 focused on the effect of heat stress on respiration, and revealed that 
heat-stressed S. viridis plants did not show thermal acclimation of dark respiration, 
evident by the higher rates of dark respiration in the heat-stressed plants compared 
to the control plants at their respective growth temperatures. The higher rates of 
respiration were correlated with up-regulation of genes/proteins involved in glycolysis 
and the TCA cycle. There was also some evidence supporting an increase in the 
OPP pathway in the heat-stressed plants. This up-regulation of respiration under 
heat stress led to the examination of the expression of antioxidant enzyme genes, 
which showed significant up-regulation, including several antioxidant enzymes 
(including APX, DHAR, GR and SOD), suggesting an increase in ROS production 
under heat. However, the heat-stressed plants did not show signs of oxidative 
damage (measured as levels of protein carbamylation) throughout the course of the 
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heat treatment, suggesting an effective coping mechanism against ROS 
accumulation. 
Chapter 5 studies carbon and nitrogen metabolism under heat stress.  It was 
shown that allocation of carbohydrates significantly changed under heat, with heat-
stressed plants accumulating higher levels of soluble sugars but less starch. Sucrose 
synthesis was shown to be up-regulated under heat stress, while starch synthesis 
was likely influenced by allosteric inhibition of AGPase activity. The expression of 
genes involved in nitrate reduction were significantly down-regulated under heat, and 
the heat-stressed plants had a significantly higher total leaf nitrogen content. The 
levels of glutamate, aspartate and serine significantly decreased, while proline and 
isoleucine significantly increased under heat. To shed clues on nitrogen metabolism, 
the expression of genes involved in amino acid biosynthesis and degradation 
pathways, protein translation, and protein degradation was further examined. It was 
shown that genes involved in proline, arginine, histidine and phosphoserine synthesis 
pathways, and genes involved in protein translation were transcriptionally up-
regulated by heat.   
Chapter 6 aimed to shed light on the mechanisms underlying the heat-induced 
growth reduction through examining the transcriptional changes associated with 
hormone responses. Results suggested up-regulation of abscisic acid (ABA), 
brassinosteroids (BR) and jasmonic acid (JA) signalling, while signals associated with 
salicylic acid (SA), ethylene (ET) and the growth promoting hormones auxin, 
gibberellin (GA) and cytokinins (CKs) were down-regulated. This result agreed with a 
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reduction in growth through down-regulating growth-promoting hormone signalling 
pathways while up-regulating stress-response hormone signalling pathways. 
In this chapter, we first discuss the role of ROS as a key factor in re-shaping plant 
metabolism under heat. Then the overall correlation between the transcriptomics and 
proteomics data and the usefulness and challenges of multi-omics experiments will 
be discussed. The challenges in understanding C4 metabolism using multi-omics 
techniques will also be addressed. 
7.2 An overview of the transcriptomics and proteomics data 
At the beginning of Chapter 6, Gene Ontology (GO) enrichment analysis was 
carried out for the transcriptomics data in order to narrow down the hormone 
signalling pathways that have significantly changed under heat stress. This analysis 
also revealed the most significantly changed gene categories in response to heat 
stress (Table 6.1 and 6.2). The gene categories (according to MapMan bin) that are 
most significantly up- or down-regulated at the transcript and the protein level by heat 
are further shown in Figure 7.1.  
Genes involved in protein translation, ribosome biogenesis and RNA processing 
are the gene categories that are most up-regulated transcriptionally under heat. 
However, genes involved in protein synthesis is the most down-regulated category 
(Figure 7.1). This result was also shown in Chapter 5. Protein translation is one of the 
most heat-sensitive cellular processes. Severe heat stress has been shown to inhibit 
protein synthesis mainly through blockage of translation initiation (Cherkasov et al., 
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2013, Salomé, 2017). Polysomes dissociate from mRNA under heat, leading to 
disassembly of pre-initiation complexes, aggregation and entrapment of free mRNA 
and proteins inside stress granules (Cherkasov et al., 2013). A recent study showed 
that Arabidopsis mutants deficient in a eukaryotic translation initiation factor, eIF5B, 
demonstrated impaired heat tolerance (Zhang et al., 2017a). The mutant plants 
showed reduced translational efficiency for a subset of stress-protective proteins, 
suggesting a critical role of translational regulation in heat stress acclimation (Zhang 
et al., 2017a). Furthermore, heat stress causes protein aggregation and misfolding, 
this may create a higher demand for protein de novo synthesis to replace the 
misfolded/aggregated proteins. Therefore, the up-regulation of genes involved in 
protein translation and ribosome biogenesis in the heat-stressed S. viridis may be a 
coping mechanism that compensates for the loss in protein translation activity during 
heat stress. The discrepancy in transcriptome and proteome data suggests post-
transcriptional regulation of genes involved in protein translation and ribosome 
biogenesis, and this regulation is likely exerted translationally (Thoreen et al., 2012, 
Ørom et al., 2008). Additionally, the transcript expression pattern of ribosomal protein 
and ribosome biogenesis genes is correlated with a high sugar phenotype in 
Arabidopsis, and activation of the TOR kinase has been implicated in inducing 
expression of ribosomal proteins (Xiong et al., 2013b). Thus, the up-regulation of 
these genes may be driven by the high sugar levels observed in the heat-stressed 
plants. 
Chapter 7 General Discussion 
 
 
 
 
271 
In contrast to genes involved in protein synthesis, genes involved in protein 
degradation are enriched in the down-regulated fraction at both the transcript and 
protein levels (Figure 7.1, also see Chapter 5). Several earlier studies have shown 
accelerated protein degradation under heat stress, which further led to senescence 
(Huffaker, 1990, Ferguson et al., 1990, Scheurwater et al., 2000, Ferreira et al., 
2006). The down-regulation of genes involved in protein degradation under heat 
stress in this study either suggests that protein degradation was down-regulated and 
leaves did not undergo senescence, or it suggests that protein degradation is 
accelerated under heat and expression of genes involved in protein degradation was 
down-regulated in order to reach homeostasis. Altogether, these data in protein 
synthesis and degradation indicates that protein metabolism was one of the biggest 
changes caused by long-term heat stress in S. viridis, and future research should aim 
to measure the rate of protein synthesis and degradation, and elucidate the 
mechanisms behind the discrepancy in the levels of transcripts and proteins for 
ribosomal protein and ribosome biogenesis genes. 
There is a general agreement in the trends of transcript and protein levels of 
genes involved in photosynthesis – both showing trends of down-regulation under 
heat stress. This down-regulation of photosynthesis genes may be related to the 
sugar status in the heat-stressed leaves. It has long been recognized that high sugar 
levels in the leaf impose feedback inhibition of photosynthesis genes (Sheen, 1994, 
Furbank et al., 1997, Oswald et al., 2001, Paul and Foyer, 2001). However, this 
down-regulation of photosynthesis genes was clearly not translated to reduced 
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photosynthetic activities in the leaves of the heat-stressed plants (see Chapter 3). In-
depth examination of transcript and protein levels of key photosynthesis genes in 
Chapter 3 suggests that reduction of expression was more severe at the transcript 
level, and the levels of corresponding photosynthesis proteins did not reduce as 
much. This suggest an important role for post-transcriptional regulation of 
photosynthesis gene expression. Interestingly, PPR repeat containing proteins are 
among the most up-regulated genes at the transcript level (Figure 7.1).  PPR proteins 
are a family of RNA-binding proteins involved in organelle (mainly chloroplast and 
mitochondria) RNA processing and responsible for post-transcriptional regulation of 
chloroplast gene expression (Schmitz-Linneweber and Small, 2008, Barkan and 
Small, 2014). Each type of PPR protein recognizes and binds to specific RNA 
sequences in the organelles (including photosynthesis genes in the chloroplast) and 
they have been shown to play roles in RNA stabilization and protection, RNA 
cleavage, RNA splicing, RNA editing and translation (Barkan and Small, 2014). 
Genetic studies have shown that plant defective in PPR proteins showed various 
phenotypes including photosynthetic defects, aberrant leaf development, defective 
seed or embryo development, and hypersensitivity to abiotic stress and so on 
(Johnson et al., 2010, Bryant et al., 2010, Zsigmond et al., 2012, Barkan and Small, 
2014, Schmitz-Linneweber and Small, 2008). Enhanced expression of PPR repeat 
proteins has been shown to associate with plant abiotic stress tolerance (Laluk et al., 
2011, Zsigmond et al., 2012, Tan et al., 2014, Yuan and Liu, 2012). Therefore, the 
up-regulation of PPR repeat proteins may be an adaptive response to heat stress in 
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order to compensate the down-regulation of many photosynthesis genes, and they 
may contribute to enhanced RNA stabilization, RNA processing and translation for 
maintenance of protein levels under heat stress conditions. This hypothesis that PPR 
repeat proteins play a role in heat stress response warrants further exploration. 
 Some other major changes shown in Figure 7.1 include the transcriptional up- 
or down- regulation of genes involved in RNA regulation of transcription (i.e. 
transcription factors) and signalling. Although the classes of transcription factors and 
signalling proteins that were changed under heat were not analysed in detail, this 
trend indicates that significant re-organization of transcription and signalling networks 
are induced by heat stress. At the protein level, proteins involved in heat stress 
(mainly heat shock proteins) were significantly upregulated, which is expected to be 
the case. In addition, proteins involved in dark respiration (glycolysis, TCA cycle and 
mitochondrial electron transport) and in redox regulation significantly increased under 
heat, which agreed with the results shown in Chapter 4.  
Overall, the analysis shown in Figure 7.1 confirmed that the biological 
pathways/processes analysed in Chapters 3-6 covered the major changes that have 
occurred under heat stress in S. viridis. One recurring theme that have been 
discussed throughout the chapters is the involvement of ROS in regulating various 
parts of the metabolic pathways. Although the studies carried out in this thesis did not 
specifically focus on ROS metabolism and redox regulation, ROS is known to be a 
key component of the signalling pathway of plant abiotic stress response (Gill and 
Tuteja, 2010, Sewelam et al., 2016). In this study, ROS production appears to be an 
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overarching factor that dictates the re-programming of cellular metabolism under heat 
stress. The following section will provide a synthesis of the data and build a model for 
how ROS is centrally involved in the heat stress response of the plant.  
7.3 ROS is a key factor in re-shaping different parts of cellular 
metabolism under heat stress  
7.3.1 ROS metabolism increased under heat 
ROS is continuously produced in the chloroplast, mitochondria and 
peroxisomes as by-products of photosynthesis and respiration (Apel and Hirt, 
2004b). Three photosynthesis-related processes are the main contributors for ROS 
production: (1) hydrogen peroxide production in the peroxisome during 
photorespiration, (2) direct photoreduction of O2 producing superoxide radicals by PS 
I and (3) singlet oxygen production by PS II (Figure 7.2) (Pospíšil, 2016, Foyer and 
Shigeoka, 2010, Asada, 2006). Because photorespiration is largely diminished in C4 
plants, the latter two processes would therefore be the main source of ROS during C4 
photosynthesis. Generally speaking, production of ROS at PS I and PS II increases 
when the ETC becomes over-reduced, when the flux through ETC (therefore NADPH 
production) exceeds the rates of carbon assimilation (process that consumes 
NADPH) under stressful conditions (such as drought) where CO2 supply to the 
chloroplast is limited (Apel and Hirt, 2004b). Increased ROS production by PS II 
under high temperature can be due to heat-induced structural damages to PS II 
components (Mathur et al., 2014, Pospíšil, 2016) or due to inhibition of de novo 
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synthesis of D1 protein, which is constantly required for repairing PS II reaction 
centres (Takahashi et al., 2004). While PS I is more resilient under heat stress, the 
involvement of the NDH complex with PS I in cyclic electron transport has been 
found to be an important mechanism for controlling ROS production under heat 
(Wang et al., 2006).  
The mitochondrial ETC is another contributor to ROS production although the 
relative contribution compared to chloroplast processes is very low (Purvis, 1997). 
The ubisemiquinoine intermediates formed at Complex I and Complex III are the 
primary electron donors to O2 leading to production of ROS (Sweetlove and Foyer, 
2004). Over reduction of the ubiquinone pool caused either by reduction in the 
activities of the terminal oxidases or by excessive electron input (in the form of 
NAD(P)H) from the TCA cycle will lead to increased mitochondrial ROS production 
(Rhoads et al., 2006). Environmental stresses such as low temperature, salt and 
phosphate deficiency had been shown to lead to increased mitochondrial ROS 
production (Rhoads et al., 2006).  
In addition to photosynthesis- and respiration-related ROS production, the 
plasma membrane localised NADPH oxidase can be a significant contributor to ROS 
production, especially during biotic and abiotic stresses. Upon cell perturbations 
(caused by stress), the NADPH oxidase is activated and catalyses the transfer of an 
electron from NADPH to extracellular O2, producing large amounts of O•2-, which is 
then converted to H2O2 by cell wall peroxidases and the H2O2 flows into the cell. This 
large burst of ROS production usually happens at the onset of stress, and is known 
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as “oxidative burst”. The influx of large amount of ROS into the cell early during 
stress response plays a significant role in plant stress signalling (Miller et al., 2009, 
Suzuki et al., 2011, Gilroy et al., 2016, Choudhury et al., 2017). Oxidative burst has 
been shown to occur during plant heat stress, the rapid accumulation of ROS serves 
as a signal that coordinates the induction of heat stress response pathways (such as 
activation of ABA signalling) which ultimately leads to thermotolerance (Suzuki, 2013, 
Mittler, 2011, Mittler, 2012, Mittler, 2015, Gilroy, 2016). Heat-caused ROS production 
in plants is also known to be attributable to over-reduction of both the chloroplast and 
the mitochondria ETC (Suzuki and Mittler, 2006). 
In this experiment, although the level of ROS in the leaves was not directly 
measured, evidence that supports increased ROS metabolism under heat mainly 
comes from the up-regulation of various ROS scavenging pathways. In Chapter 4, it 
was shown that the expression of various ascorbate peroxidase (APX) isoforms were 
highly induced under heat (Figure 4.6 A). Importantly, the cytosolic and peroxisomal 
APX isoforms have been found to preferentially express in BS cells, whereas the 
chloroplast APX isoforms preferentially express in M cells (John et al. 2014) (Figure 
4.6 A). The cellular localization pattern of APXs and their up-regulation is consistent 
with the fact that BS-localised photorespiration increased under heat (see Chapter 3), 
which would lead to increased peroxisomal H2O2 production in the BS cells. It is also 
consistent with the fact that PS II is primarily localised in M chloroplast, so the need 
for ROS detoxification would primarily come from the M chloroplast where heat stress 
may cause increased ROS production by PS II (Kingston-Smith and Foyer, 2000, 
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Doulis et al., 1997). In addition, various other antioxidant genes were significantly up-
regulated at the protein level under heat, including dehydroascorbate reductase 
(DHAR), glutathione reductase (GR) and superoxide dismutase (SOD) (Figure 4.6). 
Further, there was significant accumulation of the antioxidant molecules ascorbate 
and tocopherol (Figure 5.11). Taken together, these evidence suggests the up-
regulation of ROS scavenging mechanisms in response to increase in 
photosynthesis-related ROS production in both BS and M cells under heat stress.  
There is also a likely increase in mitochondrial ROS production in the heat-
stressed plants, as indicated by the up-regulation of alternative oxidase (AOX) 
transcript expression (Figure 4.5). The AOX is well-known for its role in reducing 
ROS production in plant mitochondria through its ability to dissipate excessive 
reducing power (Maxwell et al., 1999, Saha et al., 2016). Recent research also 
established a role for AOX in photoprotection of PS II in C3 plants by maintaining 
photorespiration (Zhang et al., 2017b). Thus, in C4 plants, under conditions of 
increased photorespiration (such as the heat stress condition in this experiment), the 
up-regulation of AOX expression may also participate in protection against over-
reduction in the chloroplast. Future experiments measuring the activity of AOX under 
heat stress would confirm of its role in protection against stress induced over-
reduction in the mitochondria and the chloroplast.  
An apparent reason for increased mitochondria ROS production in the heat-
stressed plants should be the increase in glycolysis and TCA cycle activity as shown 
by results in Chapter 4 (Figure 7.2). The up-regulation in respiration could lead to 
Chapter 7 General Discussion 
 
 
 
 
278 
excessive production of NADH and over-energization of the mitochondrial ETC, 
which leads to production of ROS (Rhoads et al., 2006).  
The exact source of photosynthesis-related ROS production under heat is not 
clear. There is no evidence for heat-induced impairment in CO2 assimilation and 
chloroplast electron transport, as judged by the gas-exchange results shown in 
Chapter 3. Although the rates of electron transport and CO2 assimilation was not 
measured at 42 °C during this experiment, previous results shown by Boyd et al. 
(2015) suggests that the activities of CA, PEPC and Rubisco in S. viridis all increase 
with temperature up to 40 °C in vitro. This suggests that an over-reduction of the 
chloroplast ETC due to inhibited CO2 assimilation (thus reduced rate of NADPH 
consumption) at a high temperature of 42 °C is unlikely. Temperature increases have 
also been found to positively influence the rate of chloroplast electron transport up to 
42 °C in S. viridis (von Caemmerer 2018, unpublished data). Future experiments are 
required to identify the exact source of ROS in the chloroplast under heat. It has 
been shown that PS II structural damages does not occur until temperatures reach 
above 45 °C (Sharkey, 2005, Tang et al., 2007). This suggests that ROS production 
by PS II under 42 °C in this experiment was unlikely to be due to direct structural 
damage to PS II.  Another cause to PS II photoinhibition by heat is related to 
impairment in protein synthesis – the de novo synthesis of D1 protein is required to 
repair the PS II reaction centre and heat-induced inhibition on protein synthesis has 
been shown to be the main cause to PS II photoinhibition under moderate high 
temperature stress (Takahashi et al., 2004). In addition, given that the transcript 
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expression of subunits of NDH complex all significantly reduced under heat (see 
Chapter 3), it is possible that the activity of the NDH complex was also reduced, 
which could then lead to inhibition on cyclic electron transport and an increase in 
ROS production by PS I. Due to the differential distribution of ETC components in BS 
and M cells, different degrees of increase in ROS production in the two cell types 
would also be expected. 
Despite evidence suggesting increased ROS production in the heat-stressed 
plants, the results in Figure 4.7 suggest that S. viridis plants is able to respond very 
rapidly to mitigate heat-induced ROS production. The up-regulation of ROS 
detoxification mechanisms observed in this experiment may have been induced 
within one day of the onset of heat stress to achieve a new homeostasis between 
ROS production and ROS detoxification, as no evidence of ROS accumulation could 
be observed in 1-day-stressed plants (Figure 4.7). This may be an important survival 
strategy of S. viridis developed under the harsh conditions where it has evolved.  
Furthermore, the production of ROS is sometimes regarded as a protection 
mechanism against photoinhibition due to the ability of O2 to act as a sink for excess 
electrons (Apel and Hirt, 2004b). The removal of ROS by ROS detoxification 
mechanisms (such as the ascorbate-glutathione cycle, Figure 4.6 A) consumes 
NADPH, providing additional advantages in removing excessive reducing power 
during photoinhibition. Therefore, the ability to concomitantly increase both ROS 
production and ROS detoxification, as observed in S. viridis plants under heat, may 
be seen as a mechanism for protection against photoinhibition. 
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7.3.2 Metabolic consequences of increased ROS metabolism under heat 
Many changes to cellular metabolism that were observed throughout this thesis 
can be directly linked to changes in cellular redox state as a result of increased ROS 
metabolism. The following discussion focuses on the link between ROS metabolism 
and changes in cellular metabolism. 
7.3.2.1 The C4 photosynthesis cycle  
The data presented in Chapter 3 supported the hypothesis that aspartate 
instead of malate is being increasingly used as the C4 acid transported during 
photosynthesis under heat stress (see Chapter 3). This provides the first piece of 
evidence, after initially proposed by Furbank (2011), that flexibility in the utilization of 
aspartate vs malate pathways exists in the NADP-ME-type C4 plants to facilitate redox 
adjustment and regulation under different environmental conditions (Furbank, 2011).  
Due to the lack of PS II in BS cells of NADP-ME-type C4 plants (such as S. 
viridis), BS cells obtain a component of NADPH for the CBB cycle from decarboxylation 
of malate derived from the C4 cycle in the M cells (Furbank, 2011). However, the 
transfer of aspartate from M to BS cells does not result in the net transfer of NADPH 
(Figure 7.1). As discussed previously, the extent of increase in ROS metabolism under 
heat stress is likely different between the two cell types, depending on the exact source 
of ROS production. The M cell chloroplasts likely suffered from larger increases in ROS 
production under heat due to the presence of PS II. At the same time, the M cells also 
have a higher capacity to deal with excessive reducing power due to the preferential 
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expression of chloroplast-localised ROS detoxification genes, and the preferential 
localization of NADPH-consuming processes (such as 3-PGA reduction and nitrate 
reduction) in the M cells (Turkan et al., 2018b). The BS chloroplast, on the other hand, 
may be relatively lacking in mechanisms to cope with excessive reducing power, so 
the input of NADPH in the form of malate may exacerbate problems of over-reduction 
in the BS chloroplast. Therefore, the increase in aspartate utilization can be seen as a 
form of cooperation between the M and BS cells to protect the BS cells from over-
reduction and oxidative stress under heat. In addition, since malate is believed to act 
as effective storage for excessive reducing power (a “redox valve”) and a large amount 
of malate can be stored in the vacuole (Scheibe, 2004, Fernie and Martinoia, 2009), it 
is possible that the increase in malate pool in the heat-stressed plants is related to 
redox adjustment.   
The above hypothesis will need to be validated by future experiments. More 
conclusive evidence with regard to aspartate pathway utilization could be gathered 
through pulse-chase labelling experiments. The redox state of each cell type could also 
be studied taking into full consideration the compartmentation of different processes.  
7.3.2.2 The influence of ROS on carbohydrate metabolism 
Regulation of starch synthesis is mainly exerted at the AGPase reaction step 
(Preiss, 1991). The activity of AGPase is subject to both allosteric regulation by the 3-
PGA/Pi ratio and redox regulation by posttranslational modification (Geigenberger, 
2011, Tiessen et al., 2002).  Regulation of AGPase by redox also enables control of 
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the enzyme activity in response to light (Hendriks, 2003). The over-reduced chloroplast 
environment under heat stress hypothesised earlier, would therefore promote the 
reductive activation of AGPase. However, as complete activation of AGPase requires 
both redox and allosteric signals, it has been proposed that redox activated AGPase 
becomes more susceptible to the allosteric activation by 3-PGA in the light 
(Geigenberger, 2011). Thus, the observed reduction in 3-PGA level (Chapter 5) in the 
heat-stressed plants correlated with the decrease in starch synthesis under heat. 
Reduction in 3-PGA pool sizes under heat could also be redox related. The CBB cycle 
enzyme that converts 3-PGA to triose-P, GAPDH, is also regulated by redox (Michelet 
et al., 2013) and the over-reduced M cell chloroplast environment under heat may 
enhance the activation of GAPDH, thus accelerating the conversion from 3-PGA to 
triose-P and lowering the 3-PGA pool size. 
However, the regulation of starch synthesis in S. viridis may be far more 
complicated than the mechanisms proposed for C3 plants, due to compartmentation of 
processes and requirements for metabolite (including 3-PGA) transport between the 
two cell types. The 3-PGA formed in BS chloroplast during CO2 assimilation is 
transported into the BS cytosol by the 3-PGA/Pi transporter. The total 3-PGA 
concentration (including cytosol and chloroplast pools) is much higher in the BS cells 
than the M cells and there is a diffusion gradient for 3-PGA to flow into M cells for 
reduction to trioseP (Leegood and Furbank, 1984) (Figure 7.1). The measurement of 
total leaf pool size of 3-PGA in the current study does not allow deduction of the actual 
location that this reduction in pool size occurred. Therefore, it is difficult to establish a 
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direct link between reduction in 3-PGA level and reduction in starch accumulation 
without knowing the local concentrations of 3-PGA in M and BS chloroplast. More 
advanced mass spectrometry techniques such as MALDI-imaging (Sarabia et al., 2018, 
Dueñas et al., 2018, Qin et al., 2018) will be required to measure the concentration of 
3-PGA in a particular cell type / cellular compartments. 
The accumulation of sucrose and various other soluble sugars under heat stress 
(Figure 5.4 and 5.11) is likely to be directly linked to inhibition of starch synthesis under 
heat, where storage of photosynthate in the form of soluble sugars acts as an 
alternative to starch. The involvement of soluble sugars in ROS metabolism has also 
been proposed (Couée et al., 2006, Keunen et al., 2013). On the one hand, increases 
in sucrose and glucose provide additional substrates for cellular respiration. This 
means that increasing the amount of NADH that is produced via glycolysis and the 
TCA cycle, which then enters the mitochondrial ETC and could lead to increased ROS 
production in the mitochondria (Figure 7.1). Increases in glucose also provides 
additional substrates for the OPP pathway, where NADPH is produced during the 
oxidation of sugar by G6PDH. This is indeed what was observed in the results 
presented in Chapter 4. On the other hand, however, soluble sugars such as raffinose 
and other raffinose family oligosaccharides (galactose, meliobiose and galactinol) have 
been shown to play a direct role in protecting plants from oxidative stress (Nishizawa 
et al., 2008). The accumulation of other reducing sugars (arabinose, cellobiose, 
gentiobiose, maltose, mannose, ribose and xylulose), polyols (threitol, erythritol, 
sorbitol and xylitol) and proline in the heat-stressed plants (see Figure 5.11) could also 
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serve as electron sinks for some of the excessive reducing potential and act as a redox 
buffer under heat stress. Therefore, accumulation of soluble sugars could both 
exacerbate ROS production and also protect cells from oxidative stress by acting as 
antioxidants. Thus, balancing between the different types of soluble sugars stored then 
becomes an imperative for achieving homeostasis in ROS metabolism.  
7.3.2.3 Nitrate reduction 
In Chapter 5 it was shown that nitrate reductase (NR) and nitrite reductase were 
significantly down-regulated under heat. The reduction in NR transcript accumulation 
can essentially be translated to reduction in NR activity, as numerous previous studies 
have shown a good correlation between transcript level and activity of NR 
(Solomonson and Barber, 1990, Ferrario-Méry et al., 1998, Klein et al., 2000, 
Sherameti et al., 2002). How can this result be explained in the context of redox 
modification inside the M cells, which is the primary site for nitrate reduction in NADP-
ME-type C4 plants (Rathnam and Edwards, 1976, Moore and Black, 1979, Harel et al., 
1977)?    
The expression (and activity) of NR have been shown to be modulated by 
activities of the photosynthetic electron transport chain (Sherameti et al., 2002) (Figure 
7.1). It was shown that a light source favoring PS II excitation led to decreased NR 
expression, whereas oxidation of the components after the plastoquinone (Vara 
Prasad et al.) oxidation site in the ETC by way of using a light source favoring PS I 
excitation, or by using ETC inhibitor DCMU or DBMIB, or by disabling the Cytb6/f 
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complex all resulted in increased NR activity and expression (Sherameti et al., 2002). 
Therefore, the signal seemingly responsible for regulating nuclear NR expression is 
thought to be the oxidation state of a particular electron transport component located 
after the PQ pool (Sherameti et al., 2002).  
It has been postulated in previous sections that the chloroplast ETC in S. viridis 
plants grown under heat was over-reduced. It was clearly established which 
component was over-reduced and responsible for ROS production, but more likely to 
be PS II due to photoinhibition. The strong inhibition in NR expression also suggests 
that PS II is more likely to be the primary site of over-reduction and ROS production, 
in light of the results shown by Sherameti et al. (2002). This hypothesis also fits well 
with the fact that PS II and the nitrate reduction process both preferentially localise in 
the M cells. 
In addition to regulation by the chloroplast redox state, NR is also known to be 
induced by high sugar (sucrose) levels (Stitt, 1999, Cheng et al., 1992, Larios et al., 
2001). But the expression of NR in the heat-stressed plants here did not appear to be 
driven by sugar levels, as NR expression decreased while sugar levels were high 
(Chapter 5). This result contradicts the report that sugar levels over-ride the plastid 
redox signals in controlling NR expression in Arabidopsis (Oswald et al., 2001). 
However, the decreased expression of other nuclear-encoded photosynthesis genes 
agreed well with a sugar-driven down-regulation (Chapter 3), suggesting a disparity 
between the regulation of nuclear-encoded photosynthesis genes and the regulation 
of NR by redox and sugar signals. Perhaps, the influence of sugar and redox on 
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nuclear genes expression depends on the type of cells in C4 plants, given that the 
redox environment in M and BS is very different, and sucrose is primarily synthesised 
in M cells but transported to BS cells. Another possibility is that the accumulated sugars 
present in BS cells instead of M cells, where NR expression primarily occurs. Future 
experiments should attempt to determine the precise nature and strength of the two 
signals and their role in determining NR expression under stressful conditions. 
7.3.2.4 The complex interplay between hormones and ROS dictates growth 
and stress response in S. viridis under heat 
It is clear from the analysis in Chapter 6, that the dwarf phenotype of the heat-
stressed plants is related to changes in hormone signalling. There is evidence for the 
involvement of ROS in each of the hormone signalling pathways (Figure 7.1). For 
example, ROS accumulation under stress was found to attenuate auxin signalling 
through oxidative inactivation or degradation of auxin, or through the suppression of 
genes involved in auxin signalling and polar auxin transport, thereby inhibiting plant 
growth (Blomster et al., 2011, Peer et al., 2013). Our data showing increases in ROS 
production and suppression of auxin signalling pathways under heat agreed with this 
general trend. The DELLA protein, which is a negative regulator of GA signalling, was 
shown to play a role in up-regulation of a subset of antioxidant genes to enhance ROS 
scavenging capacity under stressful conditions (Achard et al., 2008). Therefore, the 
increase in DELLA protein abundance seems necessary under heat for controlling 
ROS accumulation. Subsequently, GA signalling would unavoidably be attenuated 
(this is supported by data presented in Chapter 6), which would be responsible for 
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reduced plant growth and the “dwarf” phenotype observed under heat. In addition, 
ROS production is tightly linked to ABA level, ABA-induced ROS accumulation is 
essential for ABA-mediated stomatal closure under drought stress (Pei et al., 2000, 
Kwak et al., 2003). ROS also facilitates the crosstalk between ET, SA and JA signalling 
as already discussed in Chapter 6.  
Whilst it is beyond the scope of the current study to discuss in greater detail 
about the interactions between ROS and every plant hormone, several key messages 
and questions arise. The increased ROS production and consequently the need for an 
increase in ROS scavenging capacity under heat stress means that down-regulation 
of signalling from growth-promoting hormones (such as auxin and GA) and up-
regulation of signalling from stress-responsive hormones (such as ABA and JA) are 
inevitable. A balance needs to be achieved through fine tuning the level of each 
hormone so that cellular redox homeostasis can be achieved to ensure plant survival 
under heat. Questions remain on the nature and source of ROS molecules that form 
part of the signalling crosstalk with hormone pathways, as ROS can be produced in 
various cellular locations (Figure 7.1). Identification of the point of interaction between 
ROS and hormone signalling with be important for future understanding and 
manipulation of the signalling pathways. 
It is also important to gain insights into ROS and hormone interaction from a C4 
perspective. Past research on C4 redox regulation has focused on the evolutionary 
comparison between C3 and C4 photosynthesis, showing that some enzymes 
involved in ROS detoxification are down-regulated in C4 species due to the 
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diminishment of photorespiration and its associated H2O2 production (Uzilday et al., 
2012, Uzilday et al., 2014, Uzilday et al., 2018, Turkan et al., 2018a). There is also 
quite a good understanding of the cellular compartmentation of antioxidant 
enzymes/processes that is related to the uneven distribution of photosynthetic ETC 
components between the M and BS cells (Majeran et al., 2005a, Friso et al., 2010, 
Zhao et al., 2013, Turkan et al., 2018b). Given the lower magnitude and cell 
compartmentation of ROS production in C4 plants which differ from C3, questions 
would also arise regarding the strength and cell-type location of the interactions 
between ROS and various hormones in C4 plants.  
Many changes in cellular metabolism under heat, from the C4 photosynthesis 
pathway to carbohydrate and nitrogen metabolism, to hormone signalling, were 
thought to be attributable to changes in cellular redox state and ROS metabolism. It 
is well known that various ROS and antioxidant (ascorbate and glutathione) 
molecules play signalling roles to regulate cellular development and stress response 
through transcriptional and post-transcriptional control (Apel and Hirt, 2004a, Gechev 
et al., 2006). While I did not delve into the signalling aspects in this study, I showed 
that heat stress led to the accumulation of various powerful signalling molecules in 
the plant, including sugars, antioxidants, (possibly) nitrate and hormones. The 
discussion in Section 7.3 suggests that these signalling molecules could exert their 
influence on the same metabolic process in different ways. It is impossible to study 
the effect of one type of signalling molecule in isolation when environmental stress is 
imposed, because multiple signalling events will always be induced. Therefore, it 
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could be a future research interest to identify and understand points of signal 
convergence in C4 species to be able to understand the interactions between multiple 
signalling networks. Some promising candidates have been identified through studies 
in C3 plants. For example, the ABA-INSENSITIVE-4 (ABI4) transcription factor was 
shown to be the interface between redox, hormone and sugar signalling pathways, 
because it responded to sugar levels and ABA in a way that was dependent on 
cellular redox state (i.e. ascorbate abundance) (Foyer et al., 2012). Another likely 
candidate is the DELLA protein, it is well known as negative regulator of GA 
signalling (Hauvermale et al., 2012, Davière and Achard, 2013). Accumulation of 
DELLA under stress has been shown to enhance ROS scavenging capacity by up-
regulating a subset of antioxidant enzymes (Achard et al., 2008); and sucrose was 
shown to stabilize DELLA proteins from degradation (Li et al., 2014). Investigation of 
the roles of these proteins in sugar, hormone and redox signalling in C4 species will 
undoubtedly help the engineering efforts of installing C4 photosynthesis pathway into 
rice, as well as for future efforts in producing stress resilient C4 crops. 
7.4 Perspectives on multi-omics approach for understanding the 
heat stress responses in C4 plants 
 
This study intended to gain a holistic understanding of the heat stress response 
and adaptation mechanism in the C4 model plant S. viridis through using three omics 
platforms (transcriptomics, proteomics and metabolomics). Long-term heat treatment 
was chosen because it allowed a steady-state picture of the mRNA, protein and 
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metabolite levels which can provide more relevant information on heat stress 
adaptation mechanisms.  Since physiological and biochemical characterization of 
processes relating to photosynthesis and respiration was carried out, and metabolite 
levels reflecting on carbon and nitrogen metabolism were obtained, a “bottom-up” 
approach was taken for the analysis of the omics data, where the transcript and 
protein expression level of individual genes in response to heat was mapped onto 
pathways relating to photosynthesis, respiration, carbon and nitrogen metabolism as 
well as hormone signalling. This approach is quite different from omics analyses that 
are more commonly found in the literature, where a global analysis is often employed 
to provide information on the pathway(s) that are most significantly impacted by the 
treatment (Amiour et al., 2012, Barros et al., 2010). The current approach is very 
time- consuming, however, it provided a greater amount of detail of changes at 
individual pathway and gene level. A global analysis that was carried out at the 
beginning of Chapter 6 (Gene Ontology Enrichment) and this chapter both confirmed 
that the changes identified at the individual pathway level were indeed responsible 
for most of the changes observed at the transcript and protein levels. There are 
areas that were not thoroughly investigated in this thesis, such as changes in the 
expression of heat-shock proteins and heat-shock transcription factors, but given 
how well-known their roles are in heat stress acclimation (Baniwal et al., 2004, Wang 
et al., 2004, Xu et al., 2011), it was not the focus of this thesis. Nevertheless, the 
dataset generated in this study can be interrogated at any later time if a particular 
pathway becomes interesting and relevant to heat stress response. 
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There are several limitations in the approach used in the current study. First, the 
current dataset did not take spatial and temporal factors into consideration. Many 
processes including photosynthesis, sucrose and starch synthesis, and nitrate 
assimilation have been shown to be preferentially compartmentalized into one of the 
photosynthetic cells types (either M or BS) in C4 plants. The omics data obtained 
here were for the whole-leaf level without separating the M and BS cells, although 
pathway-level gene expression analysis was carried out using the cell preferential 
localization information in S. viridis provided by previous studies (John et al., 2014, 
Lunn and Furbank, 1999, Moore and Black, 1979). Thus, the analysis assumed that 
a change in a particular transcript/protein level was attributed by change occurring in 
the cell-type where that particular gene preferentially expresses, discounting the 
possibility that there might be differential regulation of the same gene in M and BS 
cells. This is especially relevant for pathways which cell-type preferential localization 
information has only been established in C4 plant species other than S. viridis. In the 
case of sucrose and starch synthesis in S. viridis, it was speculated that the 
compartmentation of sucrose synthesis in M cells and starch synthesis in BS cells in 
S. viridis may not be as clear-cut as maize (see Chapter 5). The lack of spatial 
information on the metabolite data (such as 3-PGA in the case of starch synthesis 
regulation) also made it hard to speculate what regulation events in which cells are 
responsible for the change observed. In addition, the variation in metabolism due to 
diurnal change was not considered in this study either, which may have profound 
influence on the interpretation of the data. In Chapter 4, deduction about changes in 
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respiration in response to heat had to be made using samples collected and 
measured in the middle of the day, whereas respiration primarily occurs at night. This 
would be especially relevant in terms of metabolite accumulation; as night-time 
metabolite levels can be expected to be very different from day-time. Therefore, more 
sampling points during a diurnal course and separation of M and BS cells would be 
ideal for providing more information on metabolism under heat stress, however, the 
number of samples, cost and time required for data analysis would increase 
significantly. 
The second limitation is that the metabolite data only provided a snap shot of 
cellular metabolism without reflecting on metabolic flux. For example, in the case of 
the reduction in aspartate under heat, it cannot be concluded whether the change 
was related to a restructuring in C4 photosynthetic flux (see Chapter 3, also Figure 
7.1). Even though information provided at the transcript and protein level can provide 
useful indication on the activity levels of enzymes relating to the metabolite (e.g. 
aspartate), under the assumption that transcript/protein levels roughly correlate with 
enzyme activity levels. These assumptions are often not true because enzyme 
activities are also regulated at post-translation levels, such as phosphorylation and 
redox-regulation. Nevertheless, the coupling of metabolite accumulation data and 
transcript/protein expression levels was useful in generating a range of interesting 
hypothesis, and confirmatory study employing metabolic flux analysis will be required 
to provide further support to the hypothesis.  
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The third limitation is the frequent lack of correlation between transcript and 
protein levels, which is a widely observed phenomenon in modern omics studies. For 
example, in the current study, photosynthesis genes were significantly down-
regulated by heat stress at the transcript level, however, the corresponding protein 
levels showed very little change. The biggest discrepancy is between the transcript 
and protein levels of genes involved in protein translation, wherein the transcript 
levels increased under heat while protein levels decreased. The discrepancy can 
often be explained by regulation at the translation level and protein turnover rates 
(Piques et al., 2009, Schwanhäusser et al., 2011). In fact, photosynthesis genes and 
genes involved in protein translation are both well-known to be regulated at the 
translation level (Marín-Navarro et al., 2007, Manuell et al., 2004, Terada et al., 
1994). The current study again confirmed the importance of translational regulation. 
In addition, the level of coverage by transcriptomics and proteomics data is often 
different by an order of magnitude. The current transcriptomics dataset detected the 
expression of ~13,000 genes with ~6000 genes significantly changed in expression, 
whereas the proteomics dataset only detected ~1800 genes with ~400 significant 
changes. This low proteomics coverage can be partly overcome by increasing the 
level of peptide sample fractionation and increasing the length of instrument run time. 
However, those low abundance proteins such as the ones involved in hormone and 
sugar signalling, are notoriously difficult to detect in non-targeted proteomics analysis 
even at higher coverage. In this regard, transcriptomics and metabolomics are the 
go-for tools for studying these signalling pathways. Another layer of complexity that 
Chapter 7 General Discussion 
 
 
 
 
294 
has not been addressed in the current study is protein post-translational modification, 
such as phosphorylation and acetylation. More advanced proteomics techniques are 
now available for large-scale quantitative measurements of protein phosphorylation, 
and these data can perhaps provide more insights into protein activation state.  
Although the number of omics technology platforms have been developed for 
more than a decade, full integrative study of gene to phenotype using multiple omics 
technologies is still considered in its infancy. A number of past studies have 
attempted this approach (Amiour et al., 2012, Glaubitz et al., 2017, Barros et al., 
2010, Hirai et al., 2004, Fernie and Stitt, 2012), each highlighted the set of 
challenges in the multi-omics approach. The present study generated a set of 
interesting questions through analysing and integrating transcriptomics, proteomics, 
metabolomics, as well as physiological data. So, at least the multi-omics approach 
can be used as a hypothesis generating tool. It should be recognized that each type 
of omics data captures a “snap-shot” of different cellular processes and reveals 
unique information about transcription, translation and metabolism. Maybe by 
increasing the number of “snap-shot” taken (increasing sampling points by 
performing time-course experiments) we can eventually connect and fully integrate 
the seemingly discordant data. However, the amount of data generated using time-
course approaches coupled with multi-omics platforms will be huge, and advanced 
bioinformatics tools will be required for their analysis. Furthermore, technology 
advances are also needed to improve the capturing localization of transcript, protein 
and especially metabolite levels in leaves.  
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Figure 7.1 An overview of the transcriptomics and proteomics data of the heat 
stress response in S. viridis. The pie charts represent a MapMan category break-
down of the significantly up- (left) and down- (Wright et al.) regulated transcripts and 
proteins. The total numbers of up- and down-regulated transcripts and proteins are 
also shown. 
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Figure 7.2 An overview of the metabolic and signalling changes involved in long-term 
heat stress response of S. viridis. Heat-induced increase in ROS production at the 
photosynthetic electron transport (PET) chain led to a series of metabolic adjustment. 
Due to the differential distribution of PET components, CBB cycle, respiratory TCA 
cycle, sucrose and starch synthesis between the M and BS cell, cellular adjustment 
to increase in ROS production differs. The accumulation of sugar and ROS played a 
role in regulating hormone accumulation and signalling, which then impacted plant 
development and response to heat stress. Metabolite and process names written in 
red indicate a down-regulation under heat, whereas those written in blue indicate an 
up-regulation. 
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